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INTRODUCTION

Class I major histocompatibility molecules (MHC) bind short peptides derived from
proteins synthesized within the cell. Cytotoxic T Lymphocytes (CTL) are activated when
their T cell receptors (TCR) recognizes a complex of peptide and class I MHC molecule
and lyse the cell expressing the complex. This process eliminates some tumor cells
expressing new or altered proteins. However, not all tumors are recognized efficiently.
One reason hypothesized is poor binding of those peptides to class I MHC molecules.
Studies have shown that increasing the binding affinity of a peptide can improve its
immunogenicity. Many peptides derived from the proto-oncogene HER-2/neu have been
shown to be recognized by cytotoxic T cells derived from HLA-A2+ patients with breast
cancer and other.adenocarcinomas. One of the peptides, GP2 (HN654-662) binds very
poorly even though it is predicted to bind well based upon the presence of the correct
HLA-A2.1 peptide-binding motif. Creating peptides with greater affinity for HLA-A2.1
that are still recognized by HN654-662 specific CTL will increase CTL efficiency against
wild type HER-2/neu HLA-A2.1 complexes and will result in complete eradication of the
cancer from the patient. We propose to identify variant peptides that increase the affinity
of class I MHC/peptide complex for HER-2/neu specific TCR.




ANNUAL SUMMARY
Specific Aim: Develop HN-654-662 variant peptides with improved affinity for HLA-A2.1

1.1 Determine the co-crystal structure of HLA-A2.1 complexed with wild type HN654-662
peptide.

Rationale: The structures of a number of single peptide/MHC class I co-crystal structures are
now known. These structures unfortunately have not allowed us to predict how any single
peptide will bind. Much more structural information is required to begin to explain the
multitude of mutational and kinetic data already present. The experiments described here seek
to address part of this issue. What property of the HN654-662 peptide makes it a poor ligand
for HLA-A2.1? These data will guide us in designing second generation epitopes.

Approach: Usmg synthetic peptides and in vitro folding of HLA-A2.1, sufficient quantities of
complex are easily obtained for crystallization. The data will be collected on an R-AXIS II area
detector system and the data processed with the program DENZO. The structures will be
determined by molecular replacement using the program suite AMoRe and refined by iterative
cycles of manual rebuilding using the graphical program O, computational refinement with X-
PLOR and if the molecule crystallizes with more than one molecule per asymmetric unit,
averaging using the RAVE suite. The resulting structure will be directly compared with crystal
structure of HLA-A2.1/peptide complex for which the peptide has high afﬁmty (for example:
calreticulin signal séquence, HIV matrix peptide)

Work done: In order to understand why HN654-662 binds poorly to A2.1, we determined the
crystallographic structure of A2.1/HN654-62. The molecular replacement solution was
unambiguous with a correlation coefficient of ~73% after rigid body fitting. The model was
refined in X-PLOR. During refinement, the peptide was omitted to reduce the potential for
model bias. Density modification was performed with DM using the X- PLOR output
coordinates to genetate unbiased averaged electron density maps of the peptide and to fit the
structure of A2.1. Unlike all of the pMHC structures that we have determined to date, the entire
length of the main chain of the peptide was not visible in the electron density maps at this
stage. After 10 cycles of model building and computational refinement with X-PLOR and
Refmac and finally with CNS, the refinement converged. In general, the maps are clear and
unambiguous. The entire A2.1 molecule is well resolved and fits the density well as evidenced
by an average real space correlation coefficient of 83.8%. The positions of the termini of the
HN654-662 peptide are also unambiguous and never altered through the course of refinement.
However, unlike all reported pMHC structures, the center of the peptide never became clear in
the density. In addition, standard 2Fo-Fc maps, simulated annealing omit maps, unaveraged
omit maps and.composite omit maps failed to show density for the center of the peptide. In
particular, the orientation of residue 6 (Val) is completely uninterpretable and the orientation of
residues 5 and 7 (Val and Gly respectively) are not well defined. This suggests that the center
of the peptide is highly flexible and it does not assume one unique conformation in the center.
Crystallographic data and refinement statistics are shown in Table 2a. This work was
completed by members of the Collins lab before I arrived.

Training Accomplishments: The training acquired during the course of work helped in
Jearning all the skills related to solving three-dimensional crystal structure. The techniques
learned are in-vitro protein folding, protein purification, protein crystallization, data collection,
structure solution, refinement, model building. The final interpretation of the solved structure




helped in understanding the forces involved in ligand binding. The training helped in
reinforcing the biochemical and crystallographic skills.

1.2 Using the crystallographic structure and peptide libraries, create improved
HER-2/neu epitopes

Rationale: The main chain of HN654-662 when bound to HLA-A2.1 will have a different path
in the peptide biriding cleft and the side chains will be pointing in unique orientations. This
has been seen for all peptide/class I MHC molecule co-crystal structures to date. Therefore,
the crystallo graphlc structure will provide a starting point from which to improve peptide
binding. The choice of which amino acid to change will depend on the orientations of the
HN654-662 amino acids in the peptide binding cleft. The goal is to increase affinity without
losing immunogenigity. Thus, we chose to change a residue that points down into the peptide
cleft rather than up towards the TCR.

Methods: The crystallographic structure will tell us only which amino acid to target for
changes, the best residue with which to replace the wild type sequence requires
experimentation. To determine this, we will chemically synthe31ze small libraries of peptides
that have as the root the wild type HN654-662 sequence. One amino acid in the sequence will
be randomized at a time during the chemical synthesis of the peptide by substituting the wild
type FMOC derivatized amino acid with a mixture of all 20 FMOC derivatized amino acids.
Thus the synthesis will contain 20 different peptides (the wild type sequence serves as an
internal control). This mixture will be used in our standard in vitro folding assays and folded
complexes isolated.: Complexes that form will be acid treated to denature the complexes and
the peptide removed by filtration. The eluted peptides will be separated on a reversed-phase
HPLC columnand fractions analyzed by time of flight mass spectrometry to identify the
peptides in collaboration with Dr. David Klapper in the department of Microbiology and
Immunology. To increase the stringency, the complexes will be incubated at 37 °C to remove
poorly binding peptldes and separated by HPLC gel filtration before acid elution. This type of
experiment will allow us to determine both the types of amino acids that may bind, and those
that preferentially stabilize the complex. We expect a small number of residues to stabilize the
complex based on-previous work and perhaps fewer to stabilize better than the wild type
sequence. Peptides that contain residues that are shown to increase stabilization will be
synthesized and assayed.

Work done: The first library was constructed with 19 amino acids at position 3 of GP2.
Cysteine was not included because of its interactions with the redox partners of glutationein
the folding buffer. -Additionally, the first residue was altered to lysine to improve the solubility
of the peptide library because the serine that is at position 3 in the wild-type peptide is the only
polar residue ih GP2 (IISAVVGIL). The initial folding experiments showed that the folded
complexes were very unstable. When the purified protein was left at room temperature for a
short time, all of the protein precipitated. The next preparation of recombinant protein was
treated as described above (except kept at 4 °C) and analyzed by mass spectrometry by Dr.
Roman Chicz, Zyces Inc. His instrument is reported to be sensitive to fmol levels of peptide.
Unexpectedly, all 19 peptides were found in the spectrum of masses present from the purified
protein. As the technique is extremely sensitive to the presence of the peptide, but insensitive
to the amounts, it is.probably not suitable for our use. We intend to repeat the experiment and
perform Edman degradation on the resulting material to determine the relative amounts of each
peptide present, Untll we can resolve these issues, further libraries will not be made.
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Training accomplishments: The results from crystallographic structure helped in designing
future experiments for improving peptide binding. The particular side chain to be replaced
depended on the orientation of side chain in peptide binding cleft. The aim was to improve
peptide binding without affecting its immunogenicity. This particular aim helped in designing
experiments utilizing previous crystallographic and biochemical data.

1.3 Determine on-rates, off-rates and thermostability of improved epitopes

Rationale: Altered sequences will demonstrate differences in physical characteristics of
peptide binding. It has been shown that some peptides with decreased off-rates show greater
immunogenicity. Some HN654-662 variants that show increased binding to HLA-A2.1 will
likely show greater immunogenicity.

Methods: These substituted peptides will be tested with the peptide transport deficient cell line
T2 to determine which peptides form class I/peptide complexes with enhanced cell surface
stability. We will use the cell surface stabilization assay using endogenous HLA-A2.1 in T2
cells and the conformationally specific antibody BB7.2 to asses cell surface peptide binding.
Briefly cells will be incubated with peptide, washed and stained, and the mean channel
fluorescence (MCF) determined by flow cytometry. To estimate off rates from stability assays,
cells will be preincubated with peptides at 37 °C and Brefeldin A added to block the egress of
new molecules. Aliquots of cells will be removed overtime, stained and the MCF determined
as described above.

We will also measure the on and off rates of class I peptide complexes with better
precision using surface plasmon resonance (Biacore). We will confirm our initial results based
on the cell surface stability with soluble HLA-A2.1 and peptide using standard Biacore
protocols. In brief, we will synthesize peptides with cysteine replacements at residues that are
pointing towards the TCR as suggested by the crystal structure and through these cysteines the
peptides will be coupled to the plasmon resonance chip. Each variant peptide will first be
tested for binding to soluble HLA-A2. When the best coupling residue is identified, we will
directly measure the binding compared to both the wild type epitope and non-binding controls.
To determine the magnitude of the difference in peptide affinity as a result of changing an
amino acid to cysteine, we will perform competition binding experiments using an unrelated
HLA-A2.1 binding peptide on the chip to compete for binding with both the wild type and
altered peptides. ‘Alternatively we can perform the entire assay as a competitive binding assay,
using the Biacore signal read out. We do wish to note that the measurement of stability on cells
at 37 °C may bétter reflect in vivo stability than the Biacore measurement, while the Biocore
will allow much greater precision and accuracy of the measurements

Measurement of the overall thermostability of the peptide/class I complex by
circular dichroism (CD) spectroscopy provides a measure of the overall stability of the
complex. The thermodynamic stability will be measured using the extracellular portion of
HLA-A2.1 produced in E. coli and folded in vitro in the presence of the appropriate synthetic
peptide. The melting temperature, an indication of the stability of the complex, will be
measured by following the loss of circular dichroic signal as a function of temperature. The
thermodynamic data will be correlated with the observed half-lives of these peptides bound to
the MHC class I molecule for a full description of the binding of each peptide. While a melting
temperature in excess of 37 °C may not seem physiologically important, they do reflect the
thermodynamic stability of the complexes and will likely yield data important for creating the
best binding peptide if a third generation is required.




Work done: We have chemically synthesized the peptides shown in Table 1 and determined
their on-rates, off-rates and melting temperatures as described previously. The melting
temperature for HN654-662 is 36.4 °C. This complex has the lowest T, of any complex
measured to date. This peptide is perfect example for poor-binding peptide and offers the first
opportunity to understand poor binding. Substitutions at peptide anchor positions (I2L, L9V
and I2L/L9V) and at both anchor and middle of the peptide (I2L/V5L, I2L/VSL/L9V,
V5L/L9V) shown in Table I did not improve the thermal stability significantly (~2-6 °C).
Similar substltutlons increased the stability drastically in the influenza matrix peptide (~7-9
°C) and for a- variant of melanoma peptide (MelA and MelA-A2L (~9 °C). A cell surface
binding assay using T2 cells with exogenously added peptide confirms the results found by the
circular dichroism studies. Two peptides, one hydrophobic and one hydrophilic, were chosen
as representative “high affinity” binders. ML is derived from the signal sequence of calreticulin
and RT is derived from HIV-1 reverse transcriptase. The thermal stability (7m) and relative
binding constant (Kr) determined by T2 assay correlate well (91.3% correlation coefficient).

Adding brefeldin A (BFA) to the cell surface stability assay allows us to measure
the amount of time a peptide/MHC complex stays on the surface of the cells. The HN654-662
peptide has an extremely short half life ~21 minutes at 37 °C. The half lives of altered
peptides/MHC complexes on the cell surface are increased with respect to HN654-662 peptide.
However, they are not close to the time constants seen for the positive control, high affinity
binders ML or RT.

We planned to measure the on and off rates of class I peptide complexes with better
precision using surface plasmon resonance (Biacore). We did not perform above experiments
as our recent data describing different interactions in the peptide and interactions between
peptide and binding cleft is potentially more informative. Also, our present data of on-rates and
off-rates yielded consistent results.

Training Accompllshments The training acquired during the course of work helped in
learning both immunological and biophysical techniques. Cell surface stabilization assays
using flow-cytometry technique helped in determining on- and off-rates of class I/peptide
complexes. The circular dichroism (CD) spectroscopy, a biophysical technique, helped in
determining the melting temperatures of class I/peptide complexes.

1.4 Determine on rates, off rates and thermostability of improved epitopes in the presence
of physiological osmolytes

Rationale: MHC complexes in vivo exist in a concentrated environment. Osmolytes have
been shown to stabilize protein structures and are present in the cellular environment.
Physiological concentrations of osmolytes have been shown to preferentially stabilize the poor
affinity peptide HN654-662 bound to HLA-A2.1. The affinity and stability of substituted
peptides and complexes should be analyzed in the presence of physiological concentrations of
osmolytes for a better estimate of overall stability. Osmolytes have not been in previous
stability studies of HLA complexes, so we will conduct both sets of experiments to get a better
understanding of the degree of stabilization achieved. In addition this information might lead
to better crystallization conditions for the parent and substituted peptides; this would facilitate
the final structures.

Methods: We will repeat the procedures described in the methods of section 1.3. Briefly,
substituted peptides will be tested in the cell surface stabilization assay using endogenous
HLA-A2. 1 in T2 céll and the conformationally specific antibody BB7.2 to assess cell surface




peptide binding as described before. Cells will be incubated with peptide in serum-free media
with different osmolytes concentrations, washed and stained, and the mean channel
fluorescence (MCF) determined by flow cytometry. Biacore measurements and CD
measurements will also be performed in the presence of different concentrations of osmolytes
centered around the physiological value. In addition to sodium chloride, glucose and sucrose
will be examined. Other physiological osmolytes will be tested as time permits.

Work done: We have focused on the mechanism of NaCl thermal stabilization. As described,
the thermal stability of these complexes are maximal in the presence of 150 mM NaCl. The
potential mechanisms for stabilization are changes in water interactions with the protein by
inclusion of NaCl or by direct binding of the salt. Since HLA-A2.1 is actually a ternary
complex, the effect could be due to physical stabilization any one of the pieces: peptide, heavy
chain or f2m or by changing the interactions of any of the pieces. We have shown that f2m is
not stabilized in the presence of increasing concentrations of salt (heavy chain is not soluble in
the absence of peptide or B2m). However, we have seen increases in thermal stability when
B2m is covalently linked to the MHC complex. This leads us to believe that the mechanism of
thermal stabilization is the increased affinity of B2m for heavy chain. This protein acts as a
wedge keeping the peptide-binding superdomain closed so that peptide cannot escape.
Training Accomplishments: The training acquired here helped in reinforcing the skills
learned in section 1.3. This aim helped in understanding the role of physiological osmolytes in
stabilizing the class I/peptide complexes.

1.5 Determine the mechanism for the loss of thermal stability of I2L/V5SL compared to
I2L and V5L alone.

Rational: The thermal stability of HN654-662 variants is higher when there is only single
substitution i.e. either in middle or at anchor position. There was a loss of thermal stability in
the variants where substitutions were at both middle-and anchor positions. Understanding the
reasons for loss of thermal stability in variants having both substitutions as compared to the
variants with single substitutions would help to understand the mechanism of binding and
allow us to probe how residues influence each other in the peptide

Method: The crystallographic structures of complexes of HLA-A2.1 and variants with single
substitution and with two or more substitutions at both anchor position and in the middle of the
peptide will help in understanding the mechanism of binding. The resulting structures will be
compared with the crystal structure of HLA-A2.1 plus wild type and among themselves.
Work done: In order to understand why substitutions at anchor positions together with
substitutions at the middle of the peptide results in loss of thermal stability as compared to
single substitutions either at anchor position or in the middle, the crystal structures of HLA-
A2.1/HN654 variants (I2L/V5L/L9V) and (I12L/V5L). The molecular replacement solution
gave a correlat;on coefficient of ~ 79% for I2L/VSL/L9V and ~75% for 12L/V5L. The models
were refined in CNS and peptide was omitted during refinement to reduce the bias. Density
modification was petformed with DM to generate unbiased averaged electron density maps of
the peptide. The model building was performed using O. The electron density at the center of
the peptide is not well defined in both structures. This is quite similar to the structure of wild
type. This shows that the center of the peptide is highly flexible. Surprisingly the double or
triple variants are less stable than single substitutions. The crystal structures of 12L/VSL/LOV
(Tm=39.5 °C) shows that substituted Leu at fifth position point away from the MHC molecule
while that of I2L/V5L (T = 39.0 °C) shows that the orientation of substituted Leu at fifth




position is same as#hat of Val 5 in wild type. It seems that substitutin of either of the anchor
residues makes the position 5 Leu point away from class I MHC. Crystallographic data and
refinement statistics are shown in Table 2B and 2C. We are trying to crystallize and solve the
crystal structure of VSL and I2L variants.

Training Accomplishments: The training here helped in reinforcing all the crystallographic
and biochemical skills learned in section 1.1. The interpretation of these two crystal structures
helped in understanding how different residues affect each other in peptide binding.




Key Research Accomplishments

The X-ray crystal structure of the complex of human HLA-A2 plus HN654-662
peptide (IISAVVGIL) was determined to 2.4 A resolution. The structure suggests that the
center of the peptide is highly flexible which may account for its poor binding.

Thermal denaturation studies of various complexes of HLA-A2 with HN654-662 or an
altered peptide ligand provided a measure of overall complex stability. HLA-A2/HN654-662
complex is very unstable (Tm=36.6°C). Substitutions at peptide anchor positions (I2L, L9V
and 12L/L9V) and at both anchor and middle of the peptide (I2L/V5L, V5L/L9V and
I2L/V5L/L9V) did not improve the thermal stability significantly (~2-6 °C)

The X-ray crystal structure of HLA-A2 plus HN654-662 variants A2V and
A2Vl was determined to 2.25A and 2.3A resolution respectively. These MHC-I/peptide
complexes are slightly more stable (Tm=39.5°C & 39.0°C for I2L/V5L/L9V and I12L/V5L
respectively) than its wild type. We expected the substituted Leu to point downwards and
interact strongly with the MHC molecule but it seems that the substitution of the anchor
residues in I2L/V5L/L9V makes the Leu at the fifth position point away from the MHC
molecule. In I2L/V5L structure, though the Leu at position 5 points in the same direction as the
wild type Val at position 5, but side chain of Leu5 point away from the hydrophobic pocket.
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Conclusions .

GP2 (HN654-662) peptide bind poorly to A2: We have examined the binding of one of the
poor binding peptide GP2 (IISAVVGIL), derived from the tyrosine kinase family member
HER-2/neu, to HLA-A2. HER-2/neu is overexpressed in approximately 30% of patients with
breast cancer and in all other adenocarcinomas examined. Despite the presence of CTL that
recognize these peptides bound to A2, the tumors are not eliminated. One proposed
explanatior for inefficient tumor killing is that the peptide antigens bind poorly to A2 and
these complexes are not stable enough to be recognized well by GP2-specifc CTL. Creating
peptides with greater affinity for HLA-A2 that are still recognized by GP2 specific CTL will
increase CTL efficiency against A2/GP2 complexes and help in complete eradication of
cancer. Our long term goal is to design high affinity altered peptide ligand for cancer
immunotherapy. The circular dichroism (CD) studies show that A2/GP2 complex has poor
thermal stability (T, = 36.4 °C). The cell surface binding assay using T2 cells confirms the
results obtained from CD studies. The crystallographic structure of GP2 co-crystallized with
A2 shows that the center of the peptide is highly disordered and does not make stabilizing
contacts with the peptide binding clefts.

Substitution of anchor residues do not significantly improve binding of GP2: The anchor
substitutions (at position 2 and 9) in GP2 with amino acids most preferred by A2 increased
the binding affinity, but not significantly (~2-6 °C). The cell surface binding assay support
the finding made by CD data.

A substitution at the center of the peptide coupled with anchor substitutions reduces
binding affinity: Based on crystallographic structure of GP2 bound to A2, we synthesized a
series of peptides that included the V5L substitution in combination with anchor substitution.
Our hypothesis: was that larger leucine at position 5 would fit into a hydrophobic pocket in
the peptide binding cleft under the a2 o helix where smaller valine could not reach and
would enhance the binding affinity. Measurements of binding affinity and peptide off-rates
showed that the enhancement in binding of doubly-substituted peptide was not the sum of the
increases from the singly-substituted peptides. This means that there are interactions between
residues in thé peptide which affects the confirmation of the peptide A2/GP2 structure.

The crystallographic structures of A2PLVSLLY and A2YVSE confirm that the individual
residues in peptide interact: In order to understand these interactions, the crystallographic
structures of A2 bound to GP2 variants I2L/V5L and I12L/V5SL/L9V were determined. In both
structures, the électron density at the ends of the peptide is well defined. However, the center
of the peptide is disordered. The leucine at position 5, in I2L/V5L/L9V, points towards
solvents as compared to A2/GP2 structure where valine at position 5 points towards o1 helix.
This shows thatanchor substitutions makes Leucine at position 5 to point upwards. In
I2L/V5L structure also leucine is more solvent exposed, though it points towards a1 helix.
Also, in one of'the symmetry related molecule of 12L/V5L, the substitution at position 5
alters the Qosit_ibn of all the residues form position 6 to 9. These structures show that the
residues in the.peptide interact and that these changes can significantly alter the TCR
recognition:




The class I MHC/peptide complexes are stabilized against thermal denaturation by
physiological osmolytes: Our results shows that various osmolytes stabilizes class I MHC
against thermal denaturation. Our studies show that 150 mM NaCl, in particular,
demonstrated maximum stabilization. The degree of stabilization by 150 mM NaCl is largest
for low affinity class I MHC/peptide complexes. The mechanism of stabilization is
independent of peptide sequence. The effect is hypothesized to occur by increasing the
affinity of B,m for the complex and by discrete ion binding.




Peptide Sequence Th K, T
TING54-662 TSAVVGIL 364 |>50 035
oL ILSAVVGIL 22 229 1776
LoV TISAVVGIV 388 [ >50 0.69
T2L/LOV ILSAVVGIV 25 |10 248
V5L TISALVGIL 4538

2L/VSL . TLSALVGIL 39 193 1.059
VSLILOY IISALVGIV 388 [>30 11769
DL/VSLIOV . |ILSALVGIV 395|175 1075
K -~ |KISAVVGIL 312 1776
TTK/F KISAVVGFL 541 0.75
TTR/S3F/V5S. | KIFASVGIL 222 162
TTK/S3FV5S/I8F | KIFASVGEL 331 026
ML . |MLLSVPLLL 525 |18 1953
RT ILKEPVEGY 500 |77 9.69
MelA EAAGIGILTV 09 |472 044
MelA-AéL = [ELAGIGILTV 500 |16 9.98

Table 1. Summary. of Binding data of HER-2/neu derived peptides to A2. Residues substituted with
respect to wild type.peptide are shown in boldface. Ty, is the temperature (°C) at which 50% of protein is

denatured as*measured by circular dichroism. K, is the relative binding constant as determined by the T2

cell surface assembly assay. K, is defined as concentration of peptide in uM that yields 50% mean channel
fluorescence (MCF) as compared to the maximum fluorescence of the control peptide (ML) at 50 uM. The

K, value for ML is the concentration that yields MCF. T, is the half life of peptide/A2 complexes (in

hours) as determined by the T2 cell surface stability assay. The error in the Ty, is the sum of machine and

curve fit errors. It is typically about 1 °C. >50 means that the concentration to yield 50% of ML
fluorescence is greater than 50 uM.




A2/TISAVVGIL (GP2)

Parameters

Refinement

Space group P1

Cell Dimerisions

Molecules/ AU
Resolution
Number of Crystals
Rinerge(%)' '
<l/oc>

Unique reﬂection's. .
Total observationé

Completeness (%)

..

Resolution

a=50.34 A
b=63.61 A
c=75.14 A
o =81.98°
B =76.25°
y=77.83°
2

24 A

1

9.3(23.3)
7.8 (3.46)
34,962
66,839
98.2 (97.6)

Ruore (31,969)

Reee  (1714)
Error’
Non-hydrogen atoms
<RS fit>*

Average B factor
No. Of waters
RMSD

bonds

angles

Ramachandran

Most favorable
Additionally allowed
Generously allowed

Disallowed

30-24 A

24.2%
28.4%
0.26A
6202

83.8%
168A%
103

0.009A
1.468°

91.6%
8.1%%
0.3%
0.0%

Table 2A."Summary of crystallographic and refinement statistics.

1. Runerge = 2nka 2 |Ti - <I>| / Y 2i I;, where I is the observed intensity and <I> is the average intensity of

multiple obsewaiipns of symmetry related reflections.

*2. Number in parenthesis refers to the highest resolution shell (2.44 — 2.40A).

3.R=Yha | [Fovs| - k |Feall |/ Xhxt [Fobsl, where Reee is calculated for a randomly chosen 5% of reflections,

Ry.on is calculated for the remaining 95% of reflections used for structure refinement. Numbers in

parenthesis refer to the number of structure factors used in the measurements.

4. Rs fit is the average real space fit of all atoms on an electron density map from DM with two fold non

crystallogra‘phic averaging, histogram matching and solvent flattening

5. Error is the mean coordinate error estimate based on maximum likelihood measurements (27).

‘.




A2/ILSALVGIV
Parameters Refinement
Space group P1 Resolution 50-2.25A
Cell Dimensfons a=49.95 A Ryon’ (36,189) 24.8%
b=6293 A Riee  (1907) 28.6%
c=74.65A Error’ 0.26A
’ o =82.07° Non-hydrogen atoms 6292
B = 76.50° <RS fit>* 80.7%
y = 78.04° Average B factor 19.1A2
No. Of waters 144
Molecules/ AU . 2 RMSD
Resolution © 2254 bonds 0.007A
Number of €rystals 1 angles 1.3°
Ruerge( %) ) 5.5 (18.0) dihedrals 24.9°
<Vo> . 14.0 (5.7) Ramachandran
Unique reflections ‘ 38,096 Most favorable 91.6%
Total observations - - 214687 Additionally allowed 8.1%%
Completeness (%) . 93.8(72.0) Generously allowed 0.3%
' Disallowed 0.0%

Table 2B. Summary of crystallographic and refinement statistics.

1. Rinerge = 2twt 2 |Li - <I>|/ Y 2i I, where I; is the observed intensity and <I> is the average intensity of
multiple observations of symmetry related reflections.

2. Number in parenthesis refers to the highest resolution shell (2.44 — 2.404).

3. R =Y | |Fobs| - k [Featl |/ Yt [Fovsl, where Ry is calculated for a randomly chosen 5% of reflections,
Ry is calculated for the remaining 95% of reflections used for structure refinement. Numbers in
parenthesis refer to the number of structure factors used in the measurements.

4. Rs fit is the'dverage real space fit of all atoms on an electron density map from DM with two fold non
crystallograpHic a\;eraging, histogram matching and solvent flattening

5. Error is the mean coordinate error estimate based on maximum likelihood measurements (27).



A2/TLSALVGIL
Parameters Refinement
Space group P1 Resolution 50-23A
Cell Dimensions a=50214 Ry’ (31,833) 26.3%
' b=62324 Reee  (1670) 29.0%
c=74.66 A Error’ 0314
. o =82.15° Non-hydrogen atoms 6294
B =76.38° <RS fit>* 78.4%
vy =78.33° Average B factor 21.3A?
No. Of waters 35
Molecules/ AU 2 RMSD
Resolution _ 234 bonds 0.008A
Number of Crystals 1 angles 1.3°
Ruerge(%)' 9.5 (29.3) dihedrals 24.9°
<Vo> 4,73 (2.4) Ramachandran
Uniqué feﬂections 33,403 Most favorable 90.3%
Total observatio;ls 114345 Additionally allowed 9.0%
Completeness (%) 87.7(84.8) Generously allowed 0.7%
L Disallowed 0.0%

Table 2C. Summary of crystallographic and refinement statistics.

L. Rinerge = 2kl i |ii - <I>| / Yha 3 I, where I is the observed intensity and <I> is the average intensity of

multiple obseﬁaﬁéns of symmetry related reflections.

2. Number in parenthesis refers to the highest resolution shell (2.44 — 2.40A).
3. R =i | [Fobs - k [Feal |/ Xt [Fobsls Where Ry is calculated for a randomly chosen 5% of reflections,

Ryork is calculated for the remaining 95% of reflections used for structure refinement. Numbers in

parenthesis refer to the number of structure factors used in the measurements.

4. Rs fit is the average real space fit of all atoms on an electron density map from DM with two fold non

crystallographic averaging, histogram matching and solvent flattening

5. Error is the mean coordinate error estimate based on maximum likelihood measurements (27).
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ABSTRACT: Class I MHC molecules are ternary complexes composed of an allotype specific heavy chain,
a noncovalently associated protein B,-microglobulin (8,m), and a peptide. The complexes are assembled
in the endoplasmic reticulum by a complex series of chaperones and peptide-loading mechanisms. In the
absence of 8,m or peptide, very little class I heavy chain is transported to the surface of the cell. Complexes
that do not contain all three parts of the protein are not made productively in vivo and not at all in vitro.
The ability of the complex to withstand thermal denaturation in vitro has been shown to be related to the
binding affinity of the peptide. Paradoxically, some low-affinity peptide complexes denature at or below
human basal body temperatures in vitro but are effective biological agents in vivo. Here we show that
these complexes are stabilized against thermal denaturation by physiological cosolvents and maximally
stabilized by 150 mM NaCl. While the degree of stabilization by 150 mM NaCl is greatest for low-
affinity peptide/MHC complexes, the mechanism of stabilization is independent of peptide sequence.
This effect is hypothesized to occur by multiple mechanisms including increasing the affinity of Som for

the complex and charge screening.

Class I molecules are ternary complexes that are expressed
on the plasma membrane of nearly all cells in the body (7).
These molecules are composed of a 44 kDa polymorphic
heavy chain, a noncovalently associated light chain (~11
kDa) called B,-microglobulin (8,m),! and a small peptide
(2). In vitro studies typically only use the extracellular portion
of the heavy chain (2—4) which contains the peptide-binding
superdomain and an immunoglobulin domain (5). Both the
peptide-binding supcrdomain and the immunoglobulin do-
main make extensive contacts with S,m (6).
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Class I MHC molecules bind small peptides (8—11 amino
acids) and present them to circulating T cells at the plasma
membrane. In so doing, the class I MHC molecules serve to
signal to T cells the identity of the proteins being expressed
within the cell. The peptides that class I MHC bind are
endogenously derived from host or intracellular pathogens.
They are processed by the proteasome in the cytosol and
are transported into the endoplasmic reticulum by specific
transporters (7). The peptides are actively loaded onto class
I MHC molecules within the endoplasmic reticulum before
export to the cell surface (7). These peptide/MHC (pMHC)
complexes are recognized by clonotypic T cells via their T
cell receptors (TCR). Upon proper binding of TCR with
pMHC, the T cells lyse the cell. A properly functioning cell
will present unmutated self-peptides with class IMHC. These
cells are typically untouched by the immune system, because
either self-reactive T cells are eliminated during T cell
development or they are functionally inactivated in the
periphery. Cells that are infected by a virus or transformed
to a cancerous state by DNA mutation present peptides that
have not been seen by the immune system. Thus, this signal
of the state of the cell prevents further viral or tumor
propagation by selectively destroying aberrant cells [reviewed
in (8)].

Class I MHC molecules bind many different peptides
primarily through the invariant peptidic termini. These
termini dock in pockets composed of conserved amino acids
found within a large cleft in a superdomain formed by the
ol and o2 domains of the heavy chain (5). Altering the
chemical nature of the peptidic termini drastically reduces
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the stability of the class I MHC complex as measured by
thermostability experiments (9). Sequencing of pooled pep-
tides eluted from class I (10) and determination of individual
sequences (11, 12) showed that class I MHC restricts the
use of amino acids at specific positions within the antigenic
peptide. These positions within the peptides are termed
anchors; a combination of anchors constitutes a peptide-
binding motif (5, 13—15). The anchors are bound by the
polymorphic residues within the peptide-binding superdo-
main of class I MHC. Because the polymorphic nature of
the cleft forms the basis for the amino acids selected within
the peptide, the motifs are specific for each class I allotype.
These anchor residues may (9, 16) or may not (I7) be used
to generate significant binding free energy. It is unclear how
many peptides may really be able to bind to each class I
MHC. Estimates of the numbers of peptides bound to a class
1 MHC allotype on the cell surface have been in excess of
10* based on mass spectrometry (I8), but are surely
underestimated because of sampling error due to MHC
preparation and vaporization for mass spectrometry.

Immunotherapies for cancer or viral infection that utilize
class I molecules and peptides have been proposed (19). For
this therapy to be successful, some critical quantity of class
I molecules have to present antigenic peptide for a significant
duration to signal the immune system (20). Understanding
what makes a particular peptide bind well and another bind
poorly is of critical importance to this work. Unfortunately,
little is known about the mechanism of peptide binding
beyond qualitative descriptions.

Poor peptide binding to class I has been postulated to be
the cause for inefficient immunogenicity against tumor
antigens in vivo (21, 22). Clearly, if a peptide does not bind
well, the pMHC complex cannot be detected by circulating
T cells. We examined binding of a group of peptides that
are known to be recognized by cytotoxic T cells (CTL)
derived from the tyrosine kinase HER-2/neu using circular
dichroism (CD) spectropolarimetry and flow cytometry.
Previous experiments have shown that the T, calculated from
CD thermal denaturation profiles is proportional to the
peptide equilibrium binding constant (23). Our CD thermal
denaturation experiments of class I MHC complexes with
HER-2/neu-derived peptides displayed a range of Tigs.
Interestingly, some of the complexes had Tps that are at or
below human basal body temperature (24). This result
generated an interesting question. How can class I complexes
fall apart at human physiological temperatures in vitro and
stimulate an immune response in vivo? A hypothesis
developed which states that physiological osmolytes stabilize
class I MHC/peptide complexes against thermal denaturation
in vitro and in vivo.

Many osmolytes are found in vivo as cosolvents (25).
Salts, monosaccharides, and amino acids are typically found
in micromolar to millimolar concentrations in the cellular
environment. Most of these molecules have multiple func-
tions inside the cell, but one function, which has been
frequently neglected, is protein stabilization. Protein chemists
have shown that specific osmolytes such as giycerol and
sucrose can stabilize protein exposed to denaturing conditions
at high concentrations (>1.0 M). Physiological concentra-
tions of these agents do not typically have significant effects
by themselves. We have performed numerous stability
experiments with class I complexes using different cosol-
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Table 1: Effect of 150 mM NaCl on the Ty, of Class I MHC/
Peptide Complexes?

MHC Tw (°C) T (°C) AT
allotype peptide (0.0 mM NaCl) (150 mM NaCl) (°C)
A2  IISAVVGIL 36.2 60.0 238
A2  TISAVVGIV 38.8 59.8 21.0
A2  KISAVVGIL 41.6 55.9 14.3
A2  ILKEPVHGV 50.0 58.6 8.6
A2  YLKEPVHGV 56.0 61.7 5.7
A2  FLKEPVHGV 55.0 60.0 5.0
A2  KTWGQYWQV 52.7 57.7 5.0
A2  IMDQVPFSV 49.5 56.5 7.0
A2  ITDQVPFSV 45.1 53.9 8.8
A2  MLLSVPLLL 53.1 55.9 2.8
A2  ALGIVCPIC 453 63.4 18.1
Db KAVYNFATM 43.7 53.7° 10.0
D FAPGVFPYM 41.0 65.0° 24.0

¢ Thermal melts were performed on multiple pMHC complexes as
described in the text. ® These values are for 100 mM NaCl.

vents. The results were generally as expected; osmolytes
stabilized class I MHC to thermal denaturation. The surpris-
ing result was that physiological concentrations of NaCl
demonstrated the largest stabilization. We hypothesize that
the stabilization is partly due to the increase of S>m binding
to heavy chain and partly due to stabilization by Debye—
Hiickel charge screening.

EXPERIMENTAL PROCEDURES

Synthetic Peptides. All peptides were synthesized by the
Peptide Synthesis Facility at the University of North
Carolina, Chapel Hill. The sequences of the peptides are
given in Table 1. All peptides were purified by reverse-phase
HPLC to greater than 95% purity, and the sequences were
confirmed by matrix-assisted laser desorption ionization—
time-of-flight spectrometry.

Production of Class 1 MHC/Peptide Complexes. pMHC
complexes were prepared as previously described (26).
Briefly, the extraceliular portions of class I MHC heavy chain
were produced in E. coli as inclusion bodies. Purified
inclusion bodies were rapidly diluted in the presence of Som,
individual peptides, and a chaotropic buffer consisting of 100
mM Tris-HC], pH 8.0, 400 mM L-arginine, pH 8.0, 6 mM
glutathione (10:1 mixture of reduced/oxidized), and a cocktail
of protease inhibitors. Folded pMHC complexes were
concentrated by ultrafiltration (Amicon, Inc., Beverly, MA)
with a YM10 membrane. The concentrated protein was
purified to homogeneity by gel filtration on a BIOSEP SEC-
S2000 column (Phenomenex, Torrance, CA) in a running
buffer of 50 mM Tris-HCI, pH 7.5, 150 mM NaCl and
exchanged into 10 mM KH,PO/K,HPO,, pH 7.5, using
Centricon filtration devices (Amicon, Inc.). Buffer was
exchanged at least 3 times (8000-fold dilution) to ensure the
removal of any residual buffers or salts. For those experi-
ments requiring S,m alone, the 8,m inclusion body material
was folded in vitro as described above for pMHC except
that a 3000 MW cutoff membrane was used for concentration
before purification on the gel filtration column.

K¢ covalently bound to 8,m (SC-K¢) and single-chain K¢
complexes (sSBDH) were produced in CHO cells and purified
as described previously (27, 28). The purified protein was
concentrated and exchanged into 10 mM KH,PO4+/K>HPO4,
pH 7.5, using Centricon filtration devices (Amicon, Inc.).
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Circular Dichroism (CD) Spectroscopy and Thermal
Denaturation Measurements. Purified complexes were di-
luted to 4—12 uM protein with 10 mM KH,PO./K;HPO4
with or without additional cosolvents. The pH of the resulting
solution was monitored carefully due to the known shift in
T of class I complexes at low and high pH (29). The thermal
denaturation profile (melting curve) of class I complexes was
collected by monitoring the change in the circular dichroic
signal as a function of temperature as described previously
(9, 30). Thermal scans were performed on an AVIV 62DS
spectrophotometer (Aviv Associates, Lakewood, NJ) equipped
with a Peltier-cffect temperature controller using 0.1 cm path
length cuvettes. Thermal denaturation data were typically
collected at 218 nm with 1 °C intervals from 4 to 95 °C. All
measurements were made at least 3 times from different
preparations and averaged. Thermal denaturation curves were
scaled between 0 and 1 to provide plots of the fraction
unfolded versus temperature for analysis. The Tp, of a class
I complex is the temperature at which 50% of the molecules
are unfolded. CD spectra were collected between 350 and
200 nm at 1 nm increments and 10 s averaging times. Five
or more spectra were averaged for the final spectrum of each
sample.

Cell Surface Class I Measurements. Mcasurements of cell
surface class I molecules loaded with endogenous peptides
were performed as previously described (31). Briefly, T2
cells (ATCC no. CRL-1992), that are defective in antigen
presentation (32), were loaded with the peptide of interest
by incubating the cells in the presence of 50 uM each of
peptide and B,m. Peptide-pulsed T2 cells were cultured in
serum-free AIM V media in a 5% CO, environment with
and without additional salts. Flow cytometry was performed
on a Becton Dickinson FACScan (Lincoln Park, NI).
Propidium iodide insensitive cells were used for all experi-
ments to be sure only live cells were analyzed. The
conformationally specific antibodies BB7.2 (HLA-A2 spe-
cific) (33), W6/32 (class I a3 chain/#2m specific) (34), and
HbV (HLA-A2/HIV peptide specific; Dr. Ralph Kubo,
personal communication) were used as the markers of folded
class I structure.

RESULTS

During our examination of the thermal stability of peptides
recognized by CTL from the tyrosine kinase HER-2/neu, we
found some of the peptide/MHC (pMHC) complexes have
denaturation midpoints that are at, or below, human basal
body temperaturc (24). Knowing that these complexes bind
to their cognate TCR and elicit an immune response in vivo,
we sought to determine what factors might stabilize the class
I MHC complexes in vitro to extrapolate to in vivo
conditions. Physiological osmolytes are well-known as
stabilizers (or destabilizers) of protein structure (35) as such
were reasonable candidates as stabilizers of class I MHC
against thermal denaturation. Therefore, the effect of cosol-
vents on the thermal stability of class I MHC molecules was
examincd.

Various osmolytes including polyalcohols such as glucose
and PEG, amino acids, and amino acid derivatives such as
glycine and betaine, and salts such as NaCl were each added
to purified recombinant proteins, and the thermal stability
was measured by circular dichroism. Since the yield of
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FiGURE 1: Class I MHC is stabilized against thermal denaturation
by cosolvents. Thermal denaturation profiles of class I MHC in
the presence of the indicated concentration of cosolvent. (A) Effect
of added glucose. D KAVYNFATM folded in vitro was denatured
in the presence of the indicated concentrations of glucose. (B) Effect
of the amino acid analogue betaine. D® FAPGVFPYM was
thermally denatured in the absence of the indicated concentrations
of betaine. (C) Effect of NaCl. A2 IMDQVPFSV was thermally
denatured in the presence of the indicated concentrations of NaCl.
The inset panels describe the difference in the calculated T}, from
the Ty, observed in the absence of added cosolvent. Each curve is
the average of three independent experiments using 4—12 uM
protein.

protein folded in vitro depends on the affinity of the peptide
[(36) and unpublished observations], we used complexes that
contained moderate- to high-affinity peptides for most
analytical tests. Figure 1 shows representative results for
glucose, betaine, and NaCl. Glucose shows a typical stabi-
lization to thermal denaturation at increasing concentration
(Figure 1A). Sucrose shows a similar stabilization at half
the concentration. That observation is consistent with its
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2-fold increase in volume relative to glucose (data not
shown). Betaine showed very little effect at low concentration
and a destabilizing effect at higher concentrations (Figure
1B). Glycine shows a similar destabilizing phenotype (data
not shown). Interestingly, NaCl did not appear to give an
easily interpretable result (Figure 1C).

Unlike the results seen with polyols and amino acids,
titrations with NaCl from 5 uM to 1 M show that there is an
optimal concentration of NaCl (150 mM for human class I
MHC, 100 mM for murine class I MHC) for thermal
stabilization. The titration shows an initial spike of stabiliza-
tion at low concentration, followed by a relative destabiliza-
tion, finishing with stabilization again at very high concen-
trations. The stabilization at high concentrations of NaCl
(>0.5 M) is what has been seen many times previously for
other proteins (35). The large increase in thermal stability
at low salt concentration has not been observed previously.
These effects were consistently seen for A2 and HLA-Aw68.
The results seen for polyols, amino acids, and salts are not
constrained to a specific MHC with a specific peptide; they
are found with different peptides and different MHC
molecules (data not shown). The degree of stabilization
changes, but the concentration trends are the same for any
class I MHC with one exception. The murine class I MHC
molecule DP showed maximum stabilization at 100 mM
NaCl, not 150 mM as was seen for the human pMHC (data
not shown).

We typically examine denaturation of these complexes at
218 nm. An uninteresting explanation for this effect would
be if the shift in denaturation of all these pMHC complexes
were due to artifactual wavelength-specific stabilization.
Therefore, wavelength scans of class I MHC/peptide com-
plexes with and without 150 mM NaCl were performed at
different critical temperatures. There were no significant
differences between the CD spectra of pMHC complexes at
4,37, and 50 °C with or without 150 mM NaCl present (data
not shown). There were small differences between the two
conditions at 4 or 95 °C, and this observation was attributed
to the solubility differences of these denatured complexes
at the elevated temperatures. Denatured class I MHC
complexes in the absence of NaCl are slightly soluble, while
those with NaCl are not soluble as evidenced by a white
precipitate at the bottom of the cuvette. These data suggest
that there are no gross rearrangements of the secondary
structure as a function of the NaCl concentration, and the
effect is due to protein denaturation at different temperatures
(data not shown). Additionally, the thermal denaturation of
pMHC is reversible by the following criteria. Protein that
has been heated to 90 °C for 5 min and cooled retains the
same spectra as the native protein. Furthermore, the resulting
protein gives the same Ty, if denatured again. The denatur-
ation is locally reversible as the T, does not shift if a scan
rate twice as long is used. Three-fold differences in pMHC
concentration had no effect on Tj,,. However, it is not fully
reversible. Much of the protein is not recovered from the
first denaturation curve, and the solution must be filtered to
remove the insoluble material before the second experiment
is performed.

We also sought to confirm that this thermal stabilization
is not artifactual by using an entirely different assay. We
examined the condition of class I MHC on the surface of
cells in the presence of different concentrations of NaCl by
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FIGURE 2: Destabilizing effect of NaCl above 150 mM is also seen
on the surface of cells. Cell surface assembly assays of A2 were
performed on T2 cells with the indicated peptides in the presence
of 25, 50, and 75 mM NaCl added to the cell culture medium. As
additional NaCl was not perfectly tolerated by the cells, live cells
were analyzed by gating on propidium iodide negative cells.

flow cytometry. T2 cells were chosen because they do not
have functional peptide transporters, and thus a large fraction
of the class I complexes bind exogenous peptide on the cell
surface (32). NaCl could not be removed from the medium
because the cells would die, but it could be added to the
media in small amounts. Based on the data described above
(Figure 1C, inset panel), NaCl concentrations above 150 mM
reduce the Tys relative to 150 mM NaCl. The hypothesis
was that additional NaCl would lower the Ty,;s of class I on
the surface of cells, resulting in fewer available complexes.
First, we tested how much salt the cells could tolerate.
Additional NaCl was added in 25 mM increments to AIM
V serum-free medium and T2 cell viability assessed. The
cells tolerated up to an additional 75 mM NaCl added to the
medium over the course of the experiment (~24 h). Next,
cell surface complexes of A2 were measured as a function
of added NaCl. As can be seen from Figure 2, the additional
NaCl reduced the number of A2 complexes on the surface
of T2 cells. Different peptides bound in the pMHC showed
different degrees of destabilization on the T2 cells depending
on the concentration of added NaCl (Figure 2). The most
affected were cells incubated with IISAVVGIV, and the least
affected were cells incubated with MLLSVPLLL. Therefore,
the magnitude of the effect on the surface of T2 cells
correlated directly with the magnitude of the effect on Tj, as
measured by CD (Table 1). The effect was also not due to
the hydrophobicity of the peptide, because these two peptides
are very similar hydrophobicities. The shifts in fluorescence
were also not due to a reduction in affinity of the BB7.2
antibody for HLLA-A2, because similar effects were seen with
two different antibodies that bind in distinctly different
locations on the class I molecule (antibodies W6/32 and HbV,
data not shown).

Having concluded that the NaCl effect on pMHC is not
an artifact of the CD experiment, we reexamined the effect
of NaCl on a well-studied protein, hen egg white lysozyme
(HEL), and also f,m. Figure 3 shows the change in T, for
HEL and f>m in the presence of increasing concentrations
of NaCl. There are relatively small, nearly monotonic positive
changes in 7Ty, up to 500 mM NaCl for HEL and larger,
positive changes at 1.0 and 2.0 M NaCl. There was no peak
of stabilization, and the observed stabilization of HEL at 150
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Ficure 3: Effect of NaCl on class I MHC is not generalizable to
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samples of A2 ILKEPVHGYV, lysozyme, or f,m and the thermal
denaturation profiles determined. Delta T, is the calculated T}, in
the absence of NaCl subtracted from calculated Ty, at the indicated
concentration.

mM NaCl (~2 °C) was not nearly as large as most of the
effects on class I MHC (Table 1). There was no observed
change in the T, of f,m until 0.5 M NaCl was added.

The effects of other salts on class I MHC were also
examined. Figure 4A demonstrates that KC1 shifts the Tp, of
complexes to greater temperatures than NaCl. However, the
maximum was observed to be 150 mM, suggesting that ionic
strength may be part of the reason the protein is stabilized.
Figurc 4B shows the effects of Na;SO4 on class I complexes.
Al an equivalent point of ionic strength, the effects of NaCl,
KCl, and Na;SO, are very similar, but different in intensity.
Additionally, some salts shifted the Tns of complexes to
lower values. For example, at 150 mM NaSCN, the A2
ILKEPVHGV complex was so disrupted an accurate Ty
could not be assessed. Also, LiBr at 150 mM shifted the T,
of the A2 ILKEPVHGYV complex by approximately —20 °C
(data not shown). In a survey of other biologically important
ions, we tested thc effect of 5 mM Ca?t (CaCl,, estimated
to be the physiological concentration of Ca?* in the ER) on
the thermal denaturation of pMHC [in MES buffer due to
the precipitation of Cay(PO4);]. There was no effect on the
T of pMHC with 5 mM Ca?* (data not shown). NaCl does
not change the size, shape, or oligomeric state of pMHC as
determined by dynamic light scattering and sedimentation
velocity experiments (data not shown).

Determining how NaCl could exert its effects on class I .

MHC is made difficult because of the nature of the complex.
Most experiments looking at cosolvent effects were per-
formed on small single-domain proteins. If we consider the
pMHC ternary complex as a single unit, the effect would be
duc to changes in protein solvation, discrete ion binding to
the protein, or charge screening on the protein. However,
we may consider class I MHC to be a heavy chain with two
ligands (peptide and fB,m). If we examine the molecule that
way, the stabilization effect could be due to stabilization of
either peptide binding or 8om binding to the heavy chain as
cach ligand has been shown to be required for complex
formation [(37, 38) and unpublished data].

Docs the nature of the peptide affect the degree of thermal
stabilization by NaCl? A summary of different peptides and
different complexes tested for thermal stability by CD is

Batalia et al.
A
14
12 {— > WpQUPFSY AL T
10 4 TDQWPESY [
8 |-
E6
8
S4
2-
ol
2 -
-4
Concentration KCI (M)
B
5 i
~®- |LKEPVHGV ]
W |ISAVVGIV |
20 - R T Rl — e
W 15 1
S
@
o

-
o

Concentration Na,SO4 (M)

FIGURE 4: Effect generally correlates with the Hofmeister series
for anions. Change in melting temperature of the class I complexes
versus concentration of KC1 and Na;SO,. (A) KCl stabilization of
class I complexes of A2 bound to IMDQVPESV or ITDQVPFSF.
(B) Effect on thermal stabilization of pMHC (A2 and ILKEPVHGV
or IISAVVGIV) in the presence of the indicated amounts of
Na2504.

shown in Table 1. All of the peptides conform to the known
peptide-binding motif for its allotype. Therefore, differences
are not due to specific interactions with the peptide-binding
cleft. However, peptide hydrophobicity could play a role.
One can imagine that the addition of salt to the solvent would
drive the association of peptide with the heavy chain. If
peptide release is an important early step in thermal
denaturation, then the stabilization would be greatest for
nonpolar peptides and least for more polar peptides. Figure
5A shows a plot of the calculated hydrophobicity of a series
of peptides versus the observed increase in Tn. There is
clearly not a simple relationship suggesting that the hydro-
phobicity of the peptide does not affect the stability of the
complex and that peptide release is not affected by the
polarity of the solvent. This has been seen before for HLA-
Aw68 (39). Additionally, if peptide dissociation were to
affect the thermal stability of the protein, the pMHC in the
cuvette should show a higher T}, in the presence of excess
additional peptide. Addition of 5 uM IISAVVGIL excess
peptide to A2 IISAVVGIL does not change the Ty, (data not
shown). Therefore, thermal denaturation is not keyed to
peptide dissociation. Figure 5B shows a plot of the initial
T., versus the degree of stabilization. It is clear from the
77% correlation coefficient that the degree of stabilization
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FIGURE 5: NaCl-induced change in T, depends on the initial Tr,
and not on the hydrophobicity of the peptide ligand. (A) The plot
of peptide hydrophobicity versus the delta T, demonstrates that
the change in T}, of class I MHC complexes is not dependent on
the peptide sequence. Hydrophobicities are calculated from the sum
of the free energies of transfer of the individual amino acids from
cyclohexane to water (50). (B) Plot of the change in Ty, versus
initial T, shows that the change in Ty, is dependent on the initial
T The peptides and their respective Tps are listed in Table 1.

is maximal for the poorest binding peptides. These data
suggest that the stabilization by NaCl is not primarily due
to any effect of the composition of the peptide, but it is
related to how well the complex is held together.

Another ligand-binding scenario is that NaCl stabilizes the
interaction of S,m with the complex and thereby increases
the thermal stability. The dissociation of 8,m has been
described as a good measure of the dissociation of the peptide
(40). Thus, it appears that peptide and S,m dissociate from
the heavy chain in a dependent fashion. The affinity of S,m
does not have a great effect on the T,. Human S2m has a
3-fold greater affinity for murine heavy chain than does
murine Bom (41). A murine class I MHC complex D folded
with human f,m and a low-affinity peptide FAPGVFPYM
has a slightly higher T, than the complex folded with murine
Bom (47 versus 42 °C) (Figure 6A). If fm dissociation were
the first step in pMHC complex denaturation, addition of
excess fom should shift the equilibrium to higher Tis.
However, if an excess of Bom is added to the cuvette that
contains the pMHC to be denatured, it does not increase the
T (Figure 6B). Addition of NaCl to a mixture of pMHC
and a 2-fold molar excess of fym and 100 mM NaCl
stabilizes the protein to the degree seen in the absence of
excess 8,m. To examine how a very large increase in affinity

Biochemistry, Vol. 39, No. 30, 2000 9035

A 17— ———— - - ‘ o—
* FAPGFFPYL mb2m "m"
0.9 T s
O FAPGFFPYL hb2m 30
0.8 oo e i TR oo Tae
B 07 | e e e L 3 . ¢ ,_‘,
§ g 0’ oo *
I R T T — I ST AU A
5
£ o5 ——————"—— " T . %
"(E 0.4 * .,..__004 ‘.40._.,0000 e e
l: 0,3 T 7077"’ I - ’7. T 0’. “""7;76" !“—0—_-'” T T T
L0000 0 4A_ — ,.,O T AN
0.2 LR e Y S0
LA T SRR o
01 1 e B0 e 0g0% Q% T
o P
0 -+
0 10 20 30 40 50 60
Temperature
B 10— pp— 2*"
¢1t01 : . _ o ﬁ
09 e _ L%
W12 A . Aza |
08 | 21105 - A
T i f - [} r
] i
T !
3 -, :
|3
=)
c
]
T
i
w

Temperature
C ¢ e .-PP-H -sS "o- o AR A3 *
oo | SKORYLKNGKETL . o Q?A )
91 ®Kb RYLKNGKETL-b2m AN s ’.. |
0.8 |- AKb-RYLKNGKETL-b2m e o O
A Kb-RYLKNGKETL-b §.A¢.,
§o.7 e e — e .;f* e
506 ————— - - e -
< AQA ®
Sos I -~ -5y I
[~E o Y
§D’4 - - ’._9_07. ]
8 . 'Y
' 0.3 T T T A A% — —_—
[AY *®
02| R rr-.&x'zz» e s
0.1 |- S Lo o, RS
o N O By S
0!
0 10 20 30 40 50 60 70

Temperature

FIGURE 6: Increased association of S,m increases the thermal
stability, but not to the levels seen by the addition of NaCl. (A) Db
FAPGFFPYL has a higher T, with h8;m bound than with mf,m.
(B) The addition of molar excess of S,m does not increase the T,
of pMHC. D® KAVYNFATM was thermally denatured in the in
the absence or presence of 1:1, 2:1, or 5:1 molar excess of mBm
added or in the presence of 2-fold molar excess S;m plus 100mM
NaCl. (C) Covalent addition of S;m to the protein (Kb RYLKN-
GKETL-B,m) increases the thermal stability of pMHC. However,
covalent addition of peptide to make a fully covalent complex (Kb-
RYLKNGKETL-8,m) is not as thermally stable as the Sm-attached
and peptide-“free” complex.

would affect the thermal stability, we looked at protein that
has 8,m covalently attached to the heavy chain (42). As can
be seen in Figure 6C, the protein has a higher Ty, compared
to the noncovalently associated material (shift of ~5 °C).
As the covalently linked protein has been produced in
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mammalian cells and is glycosylated, we cannot exclude that
the protein may be stabilized by the glycosylation. However,
a complex that has covalently linked peptide and covalently
linked Bm (43) has a nearly identical T;, to that of the
noncovalently associated ternary complex folded from mate-
rial made in E. coli (Figure 6C). The fully covalent complex
is most likely destabilized with respect to the covalent S,m
because the antigenic peptide extends from the peptide-
binding groove. This has already been shown to be desta-
bilizing due to the disruption of a conserved hydrogen bond
with the peptide carboxyl terminus (3).

DISCUSSION

Class I MHC proteins have a simple role: to bind peptides
in the endoplasmic reticulum and transport them to the cell
surface. Differentiation of immunogenic versus ignored
peptides is performed by TCR on the surface of circulating
CD8™ T cells. Most previously identified immunogenic viral
epitopes bind to class I MHC well. However, peptides that
bind poorly to class I MHC in vitro are also recognized by
CD8* T cells in vivo (24). To resolve the paradox of the in
vivo biological activity (i.e., T cell activation) with these in
vitro physical measurements, we looked for other molecules
that could stabilizc proteins in vivo. This led to the
examination of osmolytes as stabilizing agents and to the
surprisc observation that class I MHC stabilization was keyed
to 150 mM NaCl

When we began these studies, we expected to see modest
increases in stability at high concentrations that we would
extrapolate back to physiological conditions. As was antici-
pated, class I MHC molecules are stabilized by polyols such
as glucose (Figure 1A) and sucrose (data not shown) at high
concentrations. Other polyols, such as glycerol and poly-
(ethylene glycol), are destabilizing (data not shown). Amino
acids (glycine data are not shown) and amino acid derivatives
(Figurc 1B) are destabilizing. NaCl (Figure 1C) and KCl
(Figure 4A) arc stabilizing at molar amounts compared to
the absence of NaCl as is seen for other proteins. However,
in a manner not seen before, class I MHC is maximally
stabilized to thermal denaturation at physiological concentra-
tions of added NaCl.

The mechanism of class I MHC stabilization to thermal
denaturation by NaCl is not clear. There are two different
levels of potential stabilization to consider. The first treats
the trimolecular complex as the sum of its parts. In that
scheme, peptide and f,m may be considered as ligands
binding to the heavy chain. Enzyme stability has been shown
to be increased by increases in ionic strength. This phenom-
enon has been attributed to an increase in the affinity of the
ligand for the protein due to the hydrophobic effect. The
observation that the increased thermal stability in the more
polar environment does not correlate with peptide hydro-
phobicity suggests that the release of peptide is not the critical
event in thermal denaturation of this complex. Similarly,
changes in B,m affinity can increase thermal stability, but
the effect is very small and does not account for the large
change in thermal stability in the presence of salt. Last, in
both of these instances, if the effect were due to a change in
partitioning of the parts of the protein due to polarity of the
environment, we would expect the effect to saturate, but not
peak and decline as we observe here.
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The second potential mechanism of stabilization treats the
trimolecular complex as a single unit. This is not necessarily
a poor assumption because the thermal denaturation is two-
state. If the protein is a single unit, there are three potential
explanations for this stabilization by salts: changes in protein
solvation, discrete ion binding, and Debye—Hiickel charge
screening. 150 mM NaCl is considered to be a dilute aqueous
salt solution and is not considered to contribute significantly
to the protein solvation (hydrophobic) effect (44, 45).
However, if protein solvation is a factor here, anions should
dominate, and the effect should follow the Hofmeister series
(46). If discrete ion binding plays a role, the effect should
follow the electroselectivity series of anions binding to ion-
exchange resins (47). In the absence of clear evidence of
either of the other two possibilities, we would propose that
Debye~Hiickel screening is important, but it is normally seen
in solutions below 0.1 M (48).

All of these factors probably contribute to the observed
phenotype of class I MHC. While it is difficult to dissect
the contributions from each of these factors from these
experiments, we can make the following statements. The
effect of the various ions does not appear to follow the
electroselectivity series. It does follow the Hofmeister series,
but as stated above, this effect is not typically described for
dilute solutions. The most reasonable explanation is Debye—
Hiickel screening because stabilization (a) roughly follows
ionic strength (compare NaCl versus Na,SOq effects), (b) is
observed at low concentrations of salts, and (c) is primarily
associated with the cation (KCl stabilizes more than an
equimolar amount of NaCl). Therefore, at concentrations up
to 150 mM NaCl, a relatively long-range destabilizing charge
within the protein is shielded (Debye length ~8 A). At
concentrations above 150 mM (shorter Debye length), the
situation is reversed, and a stabilizing charge is shielded.
This would make the protein less stable.

Thermal denaturation studies have been shown to be an
accurate way to evaluate peptide binding to class I MHC
molecules (9, 30), and the derived Ty,s have been shown to
be proportional to the peptide equilibrium dissociation
constant (23). We have performed many experiments com-
paring Trs and relative binding constants on the surface of
T2 cells. The relative binding constant that we derive has
shown an excellent correlation with T}, as long as there are
no cosolvents present in the CD buffer (unpublished data).
However, this correlation must be qualified. As demonstrated
here, it clearly does not hold true under all conditions. In
the absence of salts, measurement of the Ty, of the class I
ternary complex by CD spectroscopy is indicative of the
inherent affinity of the peptide for class I receptors (23). In
the presence of salts, the T, no longer reflects the peptide
affinity for the class I receptor but represents the overall
thermal stability of the class I ternary complex. Therefore,
it seems likely that the different experiments are measuring
two different processes. In the absence of salt, the denatur-
ation of the complex is tied to the affinity of the peptide. In
the presence of salts, the Ty, is not related to peptide binding
affinity. As can be seen in Table 1, the Ty, is basically the
same (60 °C) for each complex independent of the peptide
bound (the error in Ty, is roughly 1 °C). Thus, the process
measured by CD in the presence of NaCl is different from
the process measured during equilibrium peptide binding
measures. The CD experiment in the presence of NaCl
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apparently evaluates the inherent protein stability independent
of the peptide bound.

Class 1 molecules have a difficult role in the adaptive
immune response. They must bind a diverse set of peptides
with different affinities and low specificity. Anchor residues
reduce the number of peptides that may bind and limit the
repertoire of presentable peptides. An examination of the
structure of class I MHC shows that the peptidic termini are
buried deep in pockets in the peptide-binding groove. It
appears likely that a large conformational change would be
required to release peptide. Some evidence of this phenom-
enon has been seen with specific antibodies (49). Here we
show that class I MHC is less soluble in the presence of
150 mM NaCl than it is in the absence of NaCl. This may
be an important aspect of the role of class I MHC in the
immune system. Class I MHC must hold potentially antigenic
peptides for long half-lives in order to allow the clonotypic
T cells time to engage the ligands. CD8% T cells that
recognize these complexes lyse the cells presenting the
peptide ligand on class I MHC. Thus, it is critical that the
viral or cancer indicating peptide be only presented on the
infected or cancerous cells; therefore, peptide exchange from
one class I molecule to another at the cell surface is
undesirable. Here we show that class I molecules denature
in the absence of peptide, which makes them incapable of
binding another peptide. Additionally, this is another mech-
anism to fully exploit the available repertoire of peptides;
the class I MHC molecules take advantage of the cellular
environment. In particular, we have shown salts can stabilize
the class I MHC ternary complex against thermal denatur-
ation. Therefore, researchers measuring peptide-binding
affinity by CD for development of immunotherapeutics
should be careful to observe that the link between affinity
and Ty, does not hold true in the presence of NaCl. However,
these insights allow the selection of peptides once classified
as unusable because of their low Ty,. These results resolve
the dilemma of how class I MHC molecules loaded with
extremely low-affinity peptides can have subphysiological
Tns yet are able to stimulate T cells in the immune sys-
tem.
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Abstract

An immunogenic peptide (GP2) derived from HER-2/neu binds to HLA-A2.1 (A2) very poorly.
Some altered-peptide ligands (APL) of GP2 have increased binding afﬁriity and generate
improved CTL recognition of GP2 presenting tumor cells, but most do not. Increases in binding
affinity of singly-substituted APL are not additive in doubly-substituted APL. A common first
assumption about peptide binding to class I MHC is that each residue binds independently. In
addition, immunologists interested in immunotherapy frequent.lyb assume that anchor
substitutions do not affect T cell receptor (TCR) contact residues. However, the crystal
stfuctures of two GP2 APL show that the central residues change positid.rl depending on the

identity of the anchor residue(s). Thus, it is clear that subtle changes in the identity of anchor

residues may have significant effects on the positions of the TCR contact residues.




Introduction

Class I major histocompatibility complex (MHC) proteins bind short peptides (8-11 amino acids)
endogenously derived either from host or pathogen. These peptides bind to newly formed class I

molecules in the endoplasmic reticulum (ER). Peptide binding appears to be the final step in

-
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assembly of the complex (1). The complexes are presented to ci.r.culating T cells at the plasma
membrane where clonotypic T cell receptors (TCR) on the surface of cir':culating cytotoxic T
lymphocytes (CTL) may recognize the peptide/MHC complex (p)MHC) and kill the presenting
cell. An unaltered cell presents a population of self-peptides bound to class I MHC and is, for
the most part, ignored by circulating T cells. However, cells infected b}./' a virus or altered by
neoplastic transformation present different peptides bound to class I MHb at the cell surface.
These altered cells are recognized by clonotypic T cell receptors on CD8‘+ T cells and the T cells
lyse the presenting cell. This action removes either the source ';)f virus-”r'eplication or the
potential tumor (2).

The class I MHC molecule is a ternary complex consisting of é polymorphic heavy chain,
a noncovalently associated light chain B,-microglobulin (f2m) and a srr;éll peptide (8-10

.~

residues) (3-8). The peptide-binding cleft is formed by the o1 and 0.2 domains of the heavy
chain. For effective CD8+ T cell responses, class | MHC molecules must bind many peptides of
diverse sequence in sufficient abundance for long periods of time. "I“ypig'al half-lives of

immunodominant peptides are greater than 20 h at 37 °C (9,10). Peptideis bind to class I MHC
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primarily through the invariant peptidic termini (11-13). In addition, the ] olymorphic residues
within the peptide-binding groove create specificity pockets that select‘éﬁeciﬁc amino acids in
the peptide (14,15). The specificity pockets for HLA-A2.1 (A2) are fouid close to the peptidic

termini and are complementary in shape and charge to residues 2 (P2) and the last residue of the




peptide (PQ). The specificity pockets play a large role in binding affinity to A2 (16,17), but not
to all class I MHC (18). The result of this set of interactions in A2 is the binding of the ends of
the peptide leaving the center relatively free of interactions. The center: :of the peptide bulges out
of the peptide-binding cleft and the main chain rarely traverses the same path in two different
peptides (19). The co-crystal structures of class I MHC and TCR show leat the means of
engagement between pMHC and TCR is conserved (20-24). The TCR bmds in a diagonal
manner with the TCR o chain interacting with the carboxyl end of the MﬂC 0.2 helix and the
TCR B chain interacting with the carboxyl end of the MHC a1 helix. The CDR3 regions of the
TCR o and B chains interact with the center of the peptide (P5 to P7 deﬁending on the peptide)
(25,26).

Two aspects about peptide binding to class I MHC are explorea by the experiments
presented here. The first aspect is an assumption that each amino acid in the peptide binds
independently of one another to enhance or detract from the ovérall binding affinity. Using this
assumption, a popular algorithm was designed to predict peptide epitop':e‘.s that bind well
(http://bimas.dcrt.nih.gov/molbio/hla_bind). This algorithm is predicaté:g'i on the assumption that
each residue binds independently (27). While this algorithm predicts mé;ny good binding
peptides from proteins of interest (28-32), it fails to accurately predict tﬁ"e':{esults of single amino
acid substitutions for unknown reasons. The second aspect of peptide bi;d_ing explored here is
that residues at the anchor positions do not affect the conformation of rés:"iducs elsewhere in the
peptide. If one assumes that each residue binds independently, h;)mologous substitutions would
be the best choice to ‘amp lify and activate T cells specific for the parent'c;li ;élntigen (33-35). The
clear choice for modification is the anchor residues because they point into the binding cleft and

are restricted in space by the specificity pockets. Thus, the conformation flexibility of the
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peptide backbone should be limited and any alterations in the structure due to the anchor
substitution would be expected to be local and small. This ideé has been uéed to design peptides
with increased affinity for class I MHC in order to enhance CTL stimulation. This approach has
been successful in some cases (36-38), and varied in others (39). T cell ‘s-timulated using altered-
peptide ligands (APL) are not necessarily the same population of T cells (40). This change in
reactivity may be a result of interactions between the single amino acid 'qhanges and the MHC or
between the substitutions and the other amino acids within the peptide. Our studies provide an
explanation for the instances where alteration reduces or eliminates reacfivity. These data show
that substitutions at the anchor positions can directly alter the confonnat.ibn of the residues at the
center of the peptide and conversely that substitutions in the cer:lter can cz;use large changes at the
termini. e .

We examined binding of a selection of known immunologically 1{&cognized peptide
ligands from the tyrosine kinase family member HER-2/neu to the clas;s I MHC molecule A2.
HER-2/neu is overexpressed in approximately 30% of patients with bréast cancer and similarly
in all adenocarcinomas examined. Despite the presence of CTL that reéégnize these peptides
bound to A2, the tumors are not eliminated. These HER-2/neu-derived peptides contain
appropriate anchor residues, but still bind poorly to A2 molecules (41). bne proposed
explanation for inefficient tumor killing is that the peptide antigens bind ;ﬁ).oorly to A2 and tﬁese
complexes are not stable enoﬁgh to be recognized well by HER-2/neu peptide-specific CTL.

Our long-term goal is to design high affinity APL for cancer immunothe{apy. We have
examined binding of one of these poor binding peptides, GP2 (IISAVVG.IL), in order to design a
ligand for immunotherapy. The crystallographic structure of GP2 co-cry"stallized with A2

(A2°%?) shows that the center of the peptide is disordered and apparently does not make




stabilizing contacts with the peptide-binding cleft (41). GP2 has anchor residues that are present
in high affinity peptides (isoleucine at position 2 and leucine at position 9) (42). Substitution of
these anchor residues with amino acids most preferred by A2 increased the binding affinity, but
not significantly (41).

Based on the crystallographic structure of GP2 (IISAVVGIL) bound to A2, we designed
anew APL in which we substituted the position 5 (P5) valine with leuc_i.he (VSL). We
hypothesized that the larger leucine would fit into a hydrophobic pocket in the peptide binding
cleft under the 0.2 o helix where the smaller valine could not rech. We.synthesized a series of
peptides that included the V5L substitution in combination with our anchor substitutions in order
to maximize binding affinity. Measurements of binding affinity and pep.tide off-rates showed
that the enhancement in binding of doubly-substituted peptides was not the sum of the increases
from the singly-substituted peptides. We interpreted this to mean that ’;'here are interactions
between residues in the peptide or changes in the peptide structure. In order to understand these
interactions, the crystallographic structures of A2 bound to the GP2 variants I2L/V5L (A212L/V3Dy
and I2L/V5L/L9V (A22VVSEL9Y) wwere determined. These structures sh(.:)w that the peptide
residues interact and that the TCR contact residues alter their positions cie'pending on the identity

of the anchor residue. Therefore, homologous substitutions anywhere iri the peptide may have

large unintended consequences in T cell recognition.

Methods

Peptides: The peptides used in this study are listed in Table I. All peptides were synthesized by
the Peptide Synthesis Facility at the University of North Carolina, Chapel Hill. The peptides

were purified to greater than 95% purity as confirmed by reversed-phased chromatography and




matrix-assisted laser desorption ionization time-of- flight mass spectrometry. Peptides were
dissolved in 100% DMSO 10 mg/ml by weight. Final concentrations were determined by amino
acid analysis by the Protein Chemistry Laboratory in the Department of Chemistry, University of

North Carolina, Chapel Hill.

Preparation of HLA-A2.1/peptide complexes: HLA-A2.1/peptide cox;n_plexes were prepared as
described previously (43). Briefly, residues 1-275 of HLA-A2.1 (A2) ar;d residues 1-99 of B,-
microglobulin (B,-m) were produced in E. coli as inclusion bodies. Pe;z_tide, solubilized f2-m and
A2 heavy chain, solubilized in 8M urea, were rapidly diluted into foldiﬁg> buffer (100 mM Tris,
pH 8.0, 400 mM L-Arg, 10mM GSH, 1 mM GSSG and protease inhibj:t'grs) at molar ratios of
10:2:1 respectively. The solution was incubated at 10 °C for 36 to 48 il, concentrated by

ultrafiltration (Amicon), and purified by HPLC gel filtration (l):henomenéx, BioSep-SEC-S2000)

Thermal Denaturation Studies: The thermal denaturation properties of peptide/A2 complexes
were determined as described previously (12). Purified A2/peptide complexes were exchanged
into a 10 mM KH,/K,HPO, buffer, pH 7.5 and adjusted to final concentration of 4-12 uM.
Thermal denaturation curves (melting curve) of peptide/MHC complexes were recorded by
monitoring the change in circular dichroic (CD) signal at 218 nm as a function of temperature
from 4 °C to 95 °C on an AVIV 62-DS spectropolarimeter (Aviv Associates, Lakewood, NJ).
The final melting curves were the average of at least three measurements for each complex. Ty,

values were calculated as the temperature at which 50% of the complexes are unfolded.




Cell surface stabilization assays: The ability of peptide to stabilize HLA-A2.1 (A2) on the
surface of T2 (ATCC # CRL-1992) cells was determined as previously described (10). Briefly,
T2 cells (2.5 x 10° cell/well) were incubated overnight in AIM V media (Gibco) with varying
concentrations of peptide. The following morning, cells were stained Wlth the A2 specific
monoclonal antibody BB7.2. After 2 washes with wash buffer (1X PBé/ 2% FBS/0.1% sodium
azide), the cells were incubated for 30 minutes at 4 °C with a 1:50 dilution of FITC-conjugated
goat anti-mouse IgG antibody (Southern Biotechnologies). F luorescencé was detected on a
FACScan (Becton-Dickinson, Lincoln Park, NJ). The data were then nofmalized to the mean
channel fluorescence for the index peptide MLL at 50 uM. The MLL péptide (MLLSVPLLL) is
derived from the signal sequence of calreticulin and has a similar hydrobhobicity as the peptides

used in this study.

Cell surface half-life assay: The half-life of peptide/A2 complexes on the surface of T2 cells
was determined as previously described (10). Briefly, T2 cells (8 X 10° cell/well) were
incubated overnight in AIM V media (Gibco) with 50 pM peptide. Cells;, were incubated in
RPMI-1650, 10% FCS, 10 pg/ml brefeldin A (BFA) for 1 h. Because thIs concentration of BFA
is toxic to the cells if they are exposed for long periods of time, the cellsA ';v.ere transferred and
maintained at 0.5 wg/ml through FACScan analysis. Cells were then stz.l_i‘,ne'd with BB7.2 at
various time points and analyzed by flow cytometry as described above::.'-Tile mean fluorescence
for the peptid¢ at each time point minus the mean fluorescence of T2 célls incubated without

exogenous peptide was calculated and normalized to the maximum level of fluorescence of for

each APL (at t=0).




Crystallization, Data Collection and Data Processing: Crystals were grown by the hanging
drop vapor diffusion method. Crystals were grown from 14-20% PEG SOOO, 25 mM MES, pH
6.5 for both A22V/VSLLY and A2PYVSL gyer the course of two days by microseeding.
Crystallographic data for both structures were collected at 100K in house (UNC Macromolecular
Crystallography Facility) on a RIGAKU RU200 equipped with RAXIS 1IC imaging plate

2 12L/V5L/L9V

detector and Oxford Cryostream. Data were collected from a single cryétal of A and

from two crystals of A22V3L, Data for both structures were integrated with DENZO and
intensities scaled with SCALEPACK (44). The statistics for each data set for both structures are

given in Table IL

Structure Determination and Refinement: Both structures were determined by molecular
replacement using AMoRe (45) within the CCP4 program suite (46). The A2/hepatitis peptide
complex (PDB accession code IHHH) was used as the search model (47)."The crystal is triclinic,
space group P1 with two molecules per asymmetric unit. The search mgdel was divided into
three pieces: the peptide binding superdomain (o.1¢.2), the 0.3 domain and B,m light chain.

Rigid body refinement was performed in CNS (48-50) leaving the 0c1002-_4 o3 and fom as three
separate rigid bodies. Nine rounds of torsional dynamics refinement w1th CNS and manual
intervention with O (51) were performed. NCS restraints for regions not involved in crystal
contacts were maintained and model was built for one copy in the asymfnetric unit and the
second generated using the NCS operators. To reduce model bias, peptide was not included in
the initial three rounds of refinement. The electron density maps were ge.rllerated using DM (46)
using the functions for two-fold nor-crystallographic averaging, histogfﬁm matching and solvent

flattening. 144 water molecules for A2"2HV? L9V and 35 waters for A212L(.\/ 5L were added to the




structure using the program ARP (52) combined with Refmac and confirmed by visual
inspection of the electron density maps. Refinement statistics for each model are given in Table

1L

Results

Stabilization derived from individual anchor substitutions is not additive in doubly-
substituted peptides.

Previous studies had shown that substitutions at anchor positions increased thermal
stability of A2 %2 (41). The thermal stability of the peptides given in Table I show that the
individual anchor substitutions generate increases in Ty, from 2.4 °C (A?Lgv) t0 5.8 °C (A212L). If
stabilization of binding were the sum of the increases, the double substitution should generate 8.4
°C increased thermal stability, but the observed difference is 6.1 °C (A2"LM9Y) suggesting that
the mechanism of stabilization is not entirely peptide position independent. The T2 assays of
binding and kinetics of dissociation confirm that there is an improvemeﬁt' in the double anchor
substitution peptide. The binding is better (smaller K;) and dissociation is slower (longer Ti/)
for the double anchor variant, but the expected changes in the values cannot be examined for the

K, because we cannot measure the value for A2V,

A substitution at the center of the peptide designed to improved binding affinity actually
reduces binding affinity by itself and interacts with anchor substitu.tfions unexpectedly.
Based on the crystallographic structure of GP2 bound to A2 (41), we designed a new

peptide in hopes that it would bind with higher affinity and reduce the disorder in the center of

the peptide. In the structure, a large hydrophobic pocket was found near the P5 valine under the
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o2 o helix. We hypothesized that a leucine in place of the valine at position five in the center of
peptide would be more complementary to the size and shape of the pock'et. The V5L peptide
was synthesized and tested for binding affinity using T2 and circular di{hroism (CD) assays. As
can be seen in Table I, the V5L peptide actually binds worse than does‘(:}P2. In fact, it binds so
poorly that A2 V3" cannot be isolated in sufficient quantity to use in CD or structural studies.
Combinations of anchor substitutions and the V5L substitutions were s_ynthesized in order to
determine whether better anchors would facilitate use of this hydrophobic pocket by the leucine
at P5. It quickly became clear that these substituted residues were inter‘é;cting in unexpected
ways. For example, the T, of A2™Y is 38.8 °C and the Ty, of A2 VULV s also 38.8 °C suggesting
that the V5L substitution makes no difference to the stability of the co;ﬁplex. However, as
described above, V5L alone binds with lower affinity compared to GPé. suggesting that it
detracts from binding affinity. Confirming this, the Ty, for the A2V Si_i‘d(’)uble substitution is
39.0 °C, which is 3.2 °C lower than the single substitution I2L. Similqu';/, the Tp, for the triple
substitution A2"2MV3LL9V 5 39,5 °C, which is 3.0 °C lower than the dou'bl'e. substitution A2V,
These unexpected interactions as measured by CD are substantiated by :;he binding assays using

T2 cells (Figure 1 and Table I). In order to understand these interactioné'; we decided to

- determine the crystal structures of some of these complexes.

The crystallographic structures of A2 RLVSLLOV and A2"YVSh confirm that the individual

residues interact.
The molecular replacement solutions for the two compléxes were unambiguous and gave
correlation coefficients of 79% for A2'2V>ML%V and 75% for A2™2L/V T fxlsing 1HHH as a search

model (47). These initial models were refined in CNS (48-50) and pept_ide was omitted during
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the first three stages of refinement (until the Ryoc Was below 30%) in Both structures to reduce
model bias. Density modification was performed with DM (46) to gene;rate unbiased averaged
electron density maps. The final structures are well defined in the electron density maps with
average real-space-correlation coefficients of 78.4 and 80.7% with all fr':algments of A2Vl and
ARLNVSLLOV - The final models have an overall Reee of 29.0% from 50-%.3 A for A2V and
28.6% from 50 to 2.25 A for A2"YVMI9V with good stereochemistry anZl no residues in the
disallowed regions of a Ramachandran plot (Table II).

In both structures, the positions of the peptidic termini are unam!qiguous. However, the
electron density at the center of the peptide is not well defined in both IZL/V 5L and
I2L/V5L/L9V peptides as was seen in the GP2 peptide (41). The peptides.in the two molecules
in the asymmetric unit are not equivalent in these structures demonstrati.ng some of the dynamics
that are known to be in the system. These differences in the peptides are not due to crystal
contacts. :
A2PLVSL structure

The electron density for the I2L/V5L peptide in molecule 2 (MQLZ) in the asymmetric
unit is broken at valine at P6 and glycine at P7 (Figure 2B). This is similar to what was observed
in the GP2 peptide in the A2 %2 crystal structure (41). However, in molecule 1 (MOL1) the
peptide density is continuous over the main chain of the peptide (Figure 2A). However, the side
chain for residue 6 is undefined and the temperature factors are higher fér the central residues in
the peptide demonstrating that the central residues in molecule 1 have greater disorder than the

termini. The orientation of side chain of leucine at P5 is different betweén the two NCS

symmetry-related molecules of A2"LVSL (4 rotation of ~83 © of the Cai-CB bond) and they refine
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to these different positions regardless of the starting position before CNS refinement. Although,
there is not density to have absolute confidence in the position of the valine at position 6, there is
sufficient electron density to strongly suggest that they orient in opposite directions. It appears

that the P6 valine in molecule 2 points diagonally towards the o2 o hqlix and down into the cleft

and the P6 valine in molecule 1 points towards the o1 o helix.

A2PUVSULY sncture

Although there are differences in the electron density for the peptides in molecule 1 and 2
in the asymmetric unit of the A2"2YVSYL9V the differences are much smaller than those observed
for the two copies of A2V and do not effect the orientations.of the peptide in either model.
There is a break in the electron density at valine at P6 and glycine at P7 in both symmetry related
molecules as in the A2 %2 structure and the orientation of valine at P6 can not be interpreted in
either molecule (Figure2 C and D). The electron density for the leucine;a’t P5 is not well defined
but the direction of the electron density clearly indicates the orientation;'Bf the side chain as

towards solvent in both copies in the asymmetric unit.

Discussion

For an effective immune response, it is necessary that class I MHC present antigenic
peptides for long periods of time on the cell surface in order to allow ci?::cection of these
complexes by circulating T cells (53). Many tumor cells appear to esca;pe the immune response
because antigenic peptides do not bind well to the class I MHC molecule that present them

(54,55). If peptide does not bind efficiently to the MHC molecule, circulating T cells will not

recognize the pMHC complex and cells presenting them will not be eliminated. To enhance the
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binding affinity of antigenic peptides to class I MHC molecules, it is ngéessary to understand the
forces that determine the binding affinity of peptide to class I MHC. We have examined a poor- |
binding peptide antigen derived from the tyrosine kinase family membefHER—Z/neu.

-Our initial studies were focused on improving the bindiﬁg affinity of GP2 to A2 by
producing variants of GP2 at the anchors. The long-term goal is to use:;:he variant peptide of
GP2 to stimulate a vigorous GP2-specific CTL response in the cancer pétient or as a vaccine in a
healthy person. Because the prevalent belief is that each aminoA acid ac‘f.s independently to
generate positive or negative effects to binding energy (27), we expected":_to be able to generate
the best binder in a stepwise fashion. That is, we saw an increase in thegélal stability with I2L
and L9V peptides bound to A2, and we expected to be able to add them""tf:qgether to get the best
binding peptide (I2L/L9V). The data showed that increased affinity gerl_li.c.rated by this approach
was not as great as we expected. »

We determined the crystal structure of A2%%2 and during our ané];ysis of the structure, we
hypothesized that if the valine at P5 was a leucine, it could take advantaée of a hydrophobic
pocket under the a2 o helix. However, our data clearly show this substilt:r;ion also did not
improve binding affinity. More surprisingly, we saw that combinations of anchor substitutions
with the V5L substitution resulted in unexpected changes to the thermal ftability of the complex.
In one case, the substitution had no effect (V5L/L9V) and in others, it mgide a large difference
(V5L and I2L/V5L/L9V peptides). In order to understand this phenome%;on, we determined the
crystal structures of A2'22V3L and A2™HV? LY, ﬂ |

The crystallographic structures show that electron density at the éi%nters of the I2L/V5L
and I12L/V5L/L9V peptides is disordered in most cases (3 out of 4 ooples), highly mobile and

poorly fit into the electron density in the last case (A21L/VSE molecule I, i?igure 2A, Table 3).
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These data show that the substitutions at the anchors and at P5 have not decreased the flexibility
at the center of the peptide and hence the binding affinity did not improve substantially.
Based on the crystal structure of A2 GP2 we expected the substituted leucine at the P5

position to point down into the peptide-binding cleft under the o2 o heli)-c and to fit into a

hydrophobic pocket there. The closest we came to predicting the orientation was in the structure
of A2"MV3L - A comparison of the structure of GP2 bound to A2 with tile'.:structure of A2PLV3E
shows that the leucine points in the same direction as valine in moléculé :.1_, but the side chain
points away from the hydrophobic pocket (Figure 3A). In molecule 2 of A2 RLVSL the leucine is
more solvent exposed and is nowhere close to the pocket (Figure 3B). 4Ogie of the surprises
found in this analysis was that there were many changes seen in the pO;itl;:OnS of the amino acids
past the P5 residue. Although there is not a great deal of confidence in thé.absolute positions of
these central residues, it is clear that the density defines very different paths for the peptide
molecule 1 (Figure 3A). The effect of this substitution on the carboxyl,terminus in molecule 2 is
even ciearer. The position of the P5 residue alters the position o}f all thé residues from P6 to P9
in molecule 2 such that the carboxylate is displaced by 1.0 A (Figure 3B) The error associated
with this model is 0.31 A. Interestingly, an examination of the termini of .these peptides (except
for one copy of I2L/VSL/L9V) shows high temperature factors for theéé‘yboxyl termini as

compared to the amino terminus (Table 3). This may reflect the more bilﬁﬁd nature of the P1

residue as compared to the P9 residue. .
-

The most apparent difference between the structures of GP2 and 2L/V5L/L9V peptides
is the position of the leucine side chain at PS. In A2 RLVSLLOV the leucine points towards solvent
away from A2 and does not interact with any residue of the peptide—bindihg superdomains

regardless of which molecule is examined (Figure 3 C and D).
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A comparison of the structures of A2"VF and A2ILVSLLOY filustrates the types of
differences that may occur when changing anchor residues (Figure 3 E.and F, comparing both
molecules 1 or molecules 2). In these peptides, the only difference is a substitution of the GP2

P9 leucine with valine. The result of the substitution can be a 90 ° rotat.i(')n of the Co-CP3 bond at
PS5 as observed in molecule 1 (Figure 3E). The rotation moves the leuciné from pointing towards
the 0.1 o helix (A22"V°H) to pointing towards solvent (A2"2L/VSLL9Y), TH’; P5 residue is directly
in the center of the peptide and based on the co-crystal structures of pMHC and TcR would

directly contact the CDR3 regions of the o and  chains of the TcR. Or the result of this

substitution can be a reordering of the positions of all the atoms nearby at i)ositions 7 through 9
as observed in molecule 2 (Figure 3F).
These data show large structural changes may occur by small hqrhologous substitutions

.
ar:

in the center or in the anchors of the peptide. These structural changes éap greatly change TCR

A2]2L/V SL/L9V A2 VSL/LOV

recognition. The observed changes in and are siérﬁiﬁcantly larger than
those previously seen to change TCR reactivity (22,56). In particular, éhanges as small as a
substitution of tyrosine for phenylalanine at P1 can cause only localized changes about the P1
residue, but significant changes in T cell recognition (56). These changes;are much more drastic.
Immunization with I2L/L9V peptide generates small, but reproducible CTL reactivity in A2K"
transgenic mice. Similarly, we are able to generate small responses fo 12I/VSL/L9V, but we are
unable to generate any responses to the I2L/V5L or V5L/L9V peptides (data not shown). These
CTL data are not significant in themselves, but confirm the not unexpect’e'di idea that TCR
recognition is different with respect to these peptides. * ’

In summary, the data presented here show that substitutions in thé_.center of a peptide
bound to class I MHC may affect the positions of all of the residues wiﬁhiﬁ the peptide. In
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addition, small homologous substitution in the anchor residues caﬂ dra_r.ina}tically alter the TCR
C(')ntacting residues. Clearly, the presence of substituted residues may al';er the positions of
nearly all of the other residues even when the substitution is a minor homologous substitution as
is seen in the case of peptides I2L/V5L and I2L/VSL/L9V. These types of changes were
implicated previously in a study of H-2K°® with a panel of antibodies (5.7) that showed
unexpected changes in antibody reactivity with a series of peptide substitutions. Similarly,
homologous amino acid changes in TcR contact residues show greatly changed reactivity (58).
This may be explained in terms of a change in the affinity between the peptide/MHC complex
and the TcR, but could also be due to secondary changes in the peptide coﬁformation as observed
here. Examinations of clones induced by immunization of anchor substituted APL in a clinical
trial showed large differences in the set of T cells expanded as compare'd‘_i:(.) immunization with
tumor- infiltrating lymphocytes (59). These data are surprising because si%bstitutions have been
shown to have very limited effects on the path of the peptide ((56) and u;fpublished data). One
difference between those studies and these data are the relative binding affinity of the peptides
studied. GP2 is a poor binding peptide and the others bind muéh better. Perhaps in the case of
weak affinity, substitutions have a more dramatic effect. This may have important implications

in cancer immunotherapy, because most peptides studied are of low afﬁnfty (41).
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Figure Legends

Figure 1. Thermal denaturation as measured by circular dichroism shows unpredicted
interactions between residues in the peptide. A. Thermal denaturation curves of complexes of
A2 bound to GP2 variants. Each curve is the average of three mdepeqdent experiments using 4 —
12 uM protein. The T, is the temperature at which 50% of the complexes are unfolded. The
error associated with this type of measurement is the sum of the error in the temperature
controller and the curve fitting error. This is approximately 0.5 °C for each complex. B. Cell
surface A2 was stabilized on T2 cells by the addition of the indicated amounts of peptide. The
amount of peptide/A2 on the cell surface was measured by flow cytometry using the A2-specific
monoclonal antibody, BB7.2. C. The rate of loss of cell surface peptideA2 complexes was
measured by treating the peptide-pulsed cells (as in panel B) with BFA to halt vesicular
transport. Aliquots of cells were removed at the indicated times and theifcmaining peptide/A2

on the cells determined by incubating with BB7.2. Error bars are the sté_lidard error of the mean.

Figure 2. Averaged omit electron density maps contoured at 16 shg?v_'that the central
residues of I2L/V5L and I2L/V5L/L9V are disordered as in the strlliéiuré of A26P2 A
Averaged omit map of peptide GP2"2YV3L in molecule 1 (MOL1) in thé asymmetric unit. B.
Averaged omit map of peptide molecule 2 (MOLZ) in the GP212L/V3L aéyiﬁmetric unit. C.

Averaged omit map of peptide GP22LVSLULV in molecule 1 of asyr’ﬁmet-fic unit. D. Averaged

omit map of peptide GP2”*VLMV in molecule 2 of asymmetric uﬁjt. All molecules displayed

have A2 removed for clarity and the maps are contoured at 16 with a cover radius of 1 A.

Figure 3. Substitutions of amino acids in the peptide alter the position of other residues in

the peptide. A. Superpositioning the o.1a2 peptide-binding superdomalfns of A2%%? and

’ .
N
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A2PYVSL molecule 1 (MOL1) shows that the central residues are in very (iifferent positions as a
result of the double substitution. B. Superpositioning A2 GP2 and mole'plﬂe 2 (MOL2) of
A2PYVSL demonstrates the changes that occur from positions 6-9 in the peptide as a result of the
changes. C. Comparisons of GP2 and I2L/V5L/L9V show moderate chénges, and most are
focused on the VSL substitution. D. A similar comparison with molecule 2 in I2L/V5L/L9V
shows even fewer changes. E. A comparison of the peptides in I2L/V S.L‘ énd I2L/V5SL/L9V
(both molecule 1 (MOL1)) shows alterations at the carboxyl end of the pfeptide as a result of the
change L9V. F. A similar comparison (with molecules 2) illustrates, as 'flid panel C, that the

position 5 is altered drastically as a consequence of the L9V substitution -
3

i
oY
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Peptide Sequence T, K* Ty

FIN654-662° | ISAVVGIL 364 [ >50 035
DL TLSAVVGIL 022|229 176
LoV TISAVVGIV 388 =50 0.69
V5L SALVGIL DNF | >50 <0.20
L/LOV ILSAVVGIV 425 10.0 248
2LV5L TLSALVGIL 390 493 . | 1.06
VSL/LOV SALVGIV 3838 550 118
TLVSLLOV | ILSALVGIV 395 175 1.08
ML? MLLSVPLLL 25 |13 19.53

Table I: Summary of binding data of GP2 variant peptides to A2. Rpsidues substituted with
respect to wild type peptide are shown in boldface. Ti, is the temperatufg: (°C) at which 50% of
protein is denatured as measured by circular dichroism. K, is the relative binding constant as
determined by the T2 cell surface assembly assay. Ti/; is the half life of peptide/A2 complexes

(in hours) as determined by the T2 cell surface stability assay. The error,:in the T is the sum of
machine and'curve fit errors and is typically about 0.5 °C. * values take;;'ri".-from Kuhns et al (41).
®>50 means that the concentration to yield 50% of ML fluorescence is é;eater than 50 uM. ‘K,
is defined as concentration of peptide in uM that yields 50% mean channél fluorescence (MCF)

as compared to the maximum fluorescence of the control peptide (ML) a’ESO uM. The K; value
given for ML is the concentration that yields 50% MCF. DNF: did not fold in vitro so a Tm

could not be derived.
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Data A212L/V5L A212L/V5L/L9V
Space group P1 P1
Cell Dimensions a=50214A a=49.95A
b=62324A b=6293 A
c=74.66 A c=74.65A
o=82.15° o =82.07°
B=76.38° B =76.50°
y=78.33° y="178.04°
Molecules/ AU 2 2 .
R merge (%) 9.5(29.3) 5.5(18.0)
<> 473 (2.4) 14.07 (5.7)
Unique reflections 33403 38,096,
Total observations 114345 214687
Completeness (%) 87.7 (84.8) 93.8 (72.0)
Refinement 5
Resolution 50-2.3 50-2.25
Ruoric 26.3% (31833) 24.8% (36189)
Riree 29.0% (1670) 28.6% (1907)
Erro 031A 0.26 A
Non-hydrogen atoms 6294 6292
<RS fit>* 78.4% 80.7%,
Average B factor 213 A? 19.1 A%
No. of waters 35 144 .*
RMSD T
Bonds 0.008 A 0.007.4,
Angles 1.3° 1.3° .
Ramachandran ’
Most favorable 90.3% 91.6%"
Additionally allowed 9.0% 8. 1%
Generously allowed 0.7 0. 3%
Disallowed 0.0% 0.0%;

Table Il :Summary of crystallographic and refinement statistics. .~
1. Rmerge = Zhit Zi |Ii - <I>|/ Zra Z; I, where [; is the observed intensity and <I> is
the average intensity of multiple observations of symmetry related reflections.

2. Number in parenthesis refers to the highest resolution shell. It is 2.44- 2 3 A for
AQZLIVSL o049 39,9 95 A for AQI2L/VSLLV.

3. R=Zpy1 | |Fobs| - K |[Feat] |/ Znki |Fobs|, Where Rgree is calculated for a randomly
chosen 5% of reflections, Ry is calculated for the remaining 95% of reflections
used for structure refinement. Numbers in parenthesis refer to the number of
structure factors used in the measurements.

4. <RS fit> is the average real space fit of all atoms on an electron density map
from DM with two fold non-crystallographic averaging, histogram match‘mg and
solvent flattening

5. Error is the mean coordinate error estimate based on maximum 11ke11hood
measurements (46). :
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Class I major histocompatibility complex (MHC) mol-
ecules bind short peptides derived from proteins syn-
thesized within the cell. These complexes of peptide and
class I MHC (pMHC) are transported from the endoplas-
mic reticulum to the cell surface. If a clonotypic T cell
receptor expressed on a circulating T cell binds to the
PMHC complex, the cell presenting the pMHC is killed.
In this manner, some tumor cells expressing aberrant
proteins are recognized and removed by the immune
system. However, not all tumors are recognized effi-
ciently. One reason hypothesized for poor T cell recog-
nition of tumor-associated peptides is poor binding of
those peptides to class I MHC molecules. Many peptides,
derived from the proto-oncogene HER-2/neu have been
shown to be recognized by cytotoxic T cells derived from
HLA-A2" patients with breast cancer and other adeno-
carcinomas. Seven of these peptides were found to bind
with intermediate to poor affinity. In particular, GP2
(HER-2/neu residues 654-662) binds very poorly even
though it is predicted to bind well based upon the pres-
ence of the correct HLA-A2.1 peptide-binding motif. Al-
tering the anchor residues to those most favored by
HILA-A2.1 did not significantly improve binding affinity.
The crystallographic structure shows that unlike other
class I-peptide structures, the center of the peptide does
not assume one specific conformation and does not
make stabilizing contacts with the peptide-binding cleft.

Class I major histocompatibility complex (MHC)! proteins
bind short peptides (9~11 amino acids) derived from cytosoli-
cally degraded proteins. These peptides are transported into
the endoplasmic reticulum and bind to newly formed class I
molecules. Peptide binding appears to be the final step in
assembly of the complex (1). Following peptide binding, the
complexes are transported to the plasma membrane. At the
plasma membrane, clonotypic T cell receptors on the surface of
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circulating cytotoxic T lymphocytes (CTL) may recognize the
peptide-MHC complex (pMHC). If the pMHC is recognized by
the T cell receptor, the T cell is activated and the cell present-
ing the pMHC is killed. A normal cell will have a large assort-
ment of pMHC on the cell surface that are not recognized by
CTL. However, viral or mutated self-proteins are degraded by
these same mechanisms, and many of the resulting pMHC are
recognized by CTL. In this manner, virus-infected or mutated
cells are targeted for lysis by cytotoxic T cells (reviewed in Ref.
2). Self-proteins that are expressed in abnormally high
amounts or in abnormal cell types may also be targets for CTL
(3).

Class I MHC molecules bind many peptides with diverse
sequences and high affinity (4). To bind all these peptides, the
class I protein primarily interacts with the invariant portions
of the peptides, the N and C termini (5). Class I MHC also uses
a subset of amino acid side chains within the peptide termed
“anchors” to generate significant binding (6). These peptide
anchor residues bind within “specificity pockets” that are pri-
marily formed by the polymorphic residues within the peptide-
binding cleft of the MHC molecule (7). Peptides that bind with
high affinity to a given allotype are typically found to have one
of a few preferred amino acids at each anchor position. The
corresponding hypothesis is that peptides that do not have
those preferred amino acids at the anchor positions will not
bind well. The combination of amino acids that may bind at the
anchor positions is known as the peptide-binding motif (8).
These motifs have proven to be extremely valuable in predict-
ing peptides that will bind to class I MHC. Other residues
within the peptide besides the anchors may be used to generate
increased binding affinity (9-11).

Interestingly, many peptides that appear to have the correct
peptide-binding motif still bind poorly. Substituting the anchor
residues of poor binding peptides with those that are most
preferred by the allotype can generate high affinity binding.
(10, 12). Some of these altered peptide ligands (APL) are even
effective therapeutics (13). We show here that there are also
peptides for which altering the anchor residues does not sig-
nificantly increase binding affinity. It is not clear from the
previously available data in the literature why these peptides
bind poorly.

HER-2/neu (c-erb-2) encodes a receptor tyrosine kinase with
homology to the epidermal growth factor receptor. Overexpres-
sion of HER-2/neu in many adenocarcinomas, including breast
and ovarian tumors, correlates with a poor prognosis for remis-
sion and recovery (14). Tumor infiltrating lymphocytes have
been found in cancer patients that overexpress HER-2/neu, and
these tumor infiltrating lymphocytes are able to recognize and
lyse the solid tumor (3, 15, 16), but these CTL do not eliminate
the tumor. It has also been shown that several peptide epitopes
derived from the gene product of HER-2/neu are presented by
class I MHC molecules to circulating CTL. As with many other

This paper is available on line at http://www.jbc.org
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tumor-associated antigens, most of these peptides bind poorly
to HLA-A2.1 (A2). There are many potential reasons for the
lack of immune removal of tumors including the down-regula-
tion of class I MHC or down-regulation of the protein from
which the peptide is derived. It has also been proposed that one
reason for poor recognition by CTL is weak binding of the
immunogenic peptides to class I MHC (3).

Here we show that HER-2/neu-derived peptides, identified in
the literature as recognized by CTL, bind with a range of
affinities, but all are lower affinity than two index peptides of
high affinity. One peptide was chosen for further study. This
peptide, GP2 (IISAVVGIL), binds very poorly to A2 but has
anchor residues that are present in high affinity peptides (Ile at
position 2 and Leu at position 9). Its inherently poor affinity is
not significantly increased by substitution of its anchor resi-
dues. To understand why this peptide binds poorly, the crys-
tallographic structure of the A2-GP2 complex was determined.
Unlike all previously determined peptide-class I MHC (pMHC)
structures, there is a large region of unresolved electron den-
sity in the center of the peptide. We interpret this to mean that
the peptide assumes more than one conformation within the
peptide-binding cleft. We hypothesize that the observed poor
binding is due to the lack of important secondary interactions
within the center of the peptide.

EXPERIMENTAL PROCEDURES

Preparation of HLA-A2.1-Peptide Complexes—Residues 1-275 of
HLA-A2.1 (A2) and residues 1-99 of human B,-microglobulin were
expressed in Escherichia coli, produced as inclusion bodies, purified,
and folded as described previously (17). Briefly, peptide, solubilized
B,-microglobulin and solubilized A2 heavy chain were rapidly diluted
into folding buffer (10 mm Tris, pH 8.0, 0.4 M L-Arg, 10 mM reduced
glutathione, 1 mM oxidized glutathione, and protease inhibitors) at
molar ratios of 10:5:1, respectively. The final protein concentration was
kept below 50 ug ml™*. The solution was incubated at 10 °C for 3648
h and then concentrated (Amicon) and purified by HPLC gel filtration
(Phenomenex, BioSep-SEC-52000).

Synthetic Peptides—All peptides were synthesized by the Peptide
Synthesis Facility at the University of North Carolina at Chapel Hill.
The peptides were purified to greater than 95% purity by reversed-
phase HPLC and identity confirmed by matrix-assisted laser desorption
ionization-time-of-flight spectroscopy. Peptides were dissolved in 100%
dimethyl sulfoxide at 20 mg ml~* by weight. The final peptide concen-
tration was determined by amino acid analysis (Protein Chemistry
Laboratory, Department of Chemistry, University of North Carolina,
Chape! Hill). The list of peptides and references for immunogenicity are
given in Table I.

Determination of Thermal Stability—Purified A2-peptide complexes
were exchanged into a 10 mM KH/K,HPO, buffer, pH 7.5, and adjusted
to a final protein concentration of 4~12 uM. The change in CD signal at
918 nm was measured as a function of temperature from 4 to 95 °C on
an AVIV 62-DS spectropolarimeter (Aviv Associates Inc, Lakewood,
NJ). The final melting curve was the average of at least three experi-
ments for each A2-peptide complex. T, values were calculated as the
temperature at which 50% of the complexes are denatured using a
two-state denaturation model (12).

Cell Surface Stabilization Assay—Cell surface stabilization of A2
was performed as described previously (11). Briefly, 2.5 X 105 T2 cells
(ATCC CRL-1992) were incubated overnight in AIM V serum-free me-
dium (Life Technologies, Inc.) at 37 °C, 5% CO, in the presence of GP2
or APL, at concentrations varying from 50 to 0.05 um. Cells were then
stained with the monoclonal antibody BB7.2 (18) specific for A2, fol-
lowed by fluorescein isothiocyanate-labeled (1:50) goat anti-mouse IgG
antibody (Southern Biotechnology Associates). Cells were analyzed by
flow cytometry (FACScan, Becton Dickinson), and the mean channel
fluorescence was determined using the CYCLOPS software package
(Cytomation, Fort Collins, CO). All data are normalized as the percent-
age of the mean channel fluorescence for the calreticulin-signal-se-
quence peptide, ML, bound to A2 at 50 uM. Binding by the A2-specific
antibody, BB7.2, was not dependent on the peptide bound because
W6/32, an antibody that binds to an epitope between the @3 domain and
B,-microglobulin, gave similar results (data not shown).

Cell Surface Half-life Assay—The determination of cell surface half-
lives (Ty,) of A2-peptide complexes was performed as described previ-
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TaBLE I
Summary of binding data of HER-2/neu-derived peptides to A2

Residues substituted with respect to wild-type peptide are shown in
boldface type. T, is the temperature (°C) at which 50% of the protein is
denatured as measured by circular dichroism. K, is the relative binding
constant as determined by the T2 cell surface assembly assay. K, is
defined as the concentration of peptide in pM that yields 50% mean
channel fluorescence as compared to the maximum fluorescence of the
control peptide (ML) at 50 pm. The K, value for ML is the concentration
that yields 50% mean channel fluorescence. T, is the half-life of
peptide-A2 complexes (in hours) as determined by the T2 cell surface
stability assay. ND, not determined. DNF, did not fold in vitro. The
error in the T,, is the sum of the machine and curve fit errors. It is
typically about 1 °C. >50 means that the concentration to yield 50% of

ML fluorescence is greater than 50 pm.

Peptide Sequence T K, T
GP2 (16) IISAVVGIL 36.4 >50 0.35
S1 (38) SIISAVVGI 44.2 13.2 4.05
L10 (38) IISAVVGILL 41.3 >50 1.58
E74 (15) DVRLVHRDL DNF >50 DNB
E75 (15) KIFGSLAFL 45.1 14.4 8.57
F56 (39) YISAWPDSL 34.8 >50 DNB
C84 (39) ELVSEFSRV 37.5 >50 0.30
LoV IISAVVGIV 38.8 >50 0.69
12L ILSAVVGIL 42.2 22.9 1.76
12L/L9V ILSAVVGIV 42.5 10.0 2.48
ML (30) MLLSVPLLL 52.5 1.8 19.53
RT (31) ILKEPVHGV 50.0 7.7 9.69
MelA (36) EAAGIGILTV 40.9 47.2 0.44
MelA-A2L ELAGIGILTV 50.0 1.6 9.98

ously (11). Briefly, 2.5 X 10° T2 cells were incubated overnight in AIM
V serum-free medium at 37 °C, 5% CO, in the presence of 50 um
peptide. To block the egress of new A2 molecules to the surface, cells
were incubated at 37 °C, 5% CO, in RPMI 1640, 15% fetal calf serum
and 10 pg ml™* brefeldin A (BFA, Sigma). This concentration of BFAis
toxic to the cells. Therefore, after 1 h the cells were then transferred to
RPMI 1640, 15% fetal calf serum, and 0.5 pg ml~* BFA. At the indicated
time points, 2.5 X 10° cells were removed, incubated with BB7.2, and
analyzed by flow cytometry as described above for cell surface stabili-
zation assay. Each time point is evaluated as mean fluorescence with
peptide minus mean fluorescence without peptide and normalized to
the maximal level of fluorescence (at time zero) for each peptide.

Crystallization, Data Collection and Processing—Crystals were
grown by hanging drop vapor diffusion as described previously (19).
Crystallographic data of A2-GP2 were collected on a single crystal at
the National Synchrotron Light Source, Brookhaven National Labs,
beamline X-12B at —170 °C (Oxford Cryosystems). Evaluation of the
diffraction pattern with DENZO autoindexing function showed the
space group to be triclinic P1. 180 degrees of data were collected at a
distance of 90 mm from the Quantum 4 CCD detector (ADSC Poway,
CA) with one-degree oscillations and 3 min of exposure time/frame.
Data were processed with DENZO, and intensities were scaled with
SCALEPACK (20). Data statistics are shown in Table IL

Structure Determination and Refinement—The A2-GP2 structure
was determined by molecular replacement using AMoRe (21) within the
CCP4 program suite (22). The A2-hepatitis peptide complex (PDB ac-
cession code 1THHH) was used as the search model (23). Because the
domains tend to vary in their relative orientations with respect to one
another in different crystal forms, the search model was divided into
three pieces, the peptide-binding superdomain («,c,), the «; domain,
and B,-microglobulin. Initial rounds of positional refinement used X-
PLOR from 8—2.4 A resolution data. Later rounds were performed with
Refmac using all data from 30.0 to 2.4 A. Final rounds of refinement
used torsional dynamics with CNS (24-26) with all data. Electron
density maps were generated using DM and functions for 2-fold non-
crystallographic averaging, histogram matching, and solvent flatten-
ing. Manual intervention was performed using O (27). 103 water mol-
ecules were added to the structure using the program ARP (28)
combined with Refmac and confirmed by visual inspection of the elec-
tron density maps. The refinement statistics are listed in Table I

RESULTS

HER-2/neu-derived Peptides Bind Poorly to A2—We began
these studies to assess the correlation of immunological activ-
ity with peptide binding affinity to HLA-A2.1 (A2). Thermal
stability of class I MHC-peptide complexes, as measured by

O
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TasLE II
Summary of crystallographic data
The crystallographic structure of A2-GP2 was determined by molec-
ular replacement using the A2-hepatitis B 10-mer (Protein Data Bank
code 1HHH) as the search model. The structure was refined by a
combination of X-PLOR and Refmac. Individual Bs were refined in the
penultimate cycle followed by the addition of waters.

Data statistics

Space group P1
Cell Dimensions a =5034A
b=63614
e="1514 A
a = 8198°
B =17625°
y=17783°
Molecules/Asymmetric Unit 2
Resolution 30-2.4 A
Ry (%) 9.3 (23.3)
<lo> 7.80 (3.46)
Unique reflections 34,962
Total reflections 66,839
Completeness (%) 98.2 (97.6)
Refinement
Resolution 30-2.4 A
R, (%) (number of reflections)’ 28.4 (1,714)
R, ..« (%) (number of reflections)” 24.2 (31,969)
Rs fit? 83.8%
No. of non-hydrogen atoms 6,292
No. of waters 103
Error’ 0.26 A
Average B factor 16.8 A?
R.M.S. deviations from ideality
Bonds 0.009 A
Angles 1.468 °
Residues in Ramachandran plot
Most favored 91.6%
Additional allowed 8.1%
Generously allowed 0.3%
Disallowed 0.0%
“R = S Sl — <I>|/5,,, E.1, where 1 is the observed intensity

morge

and <I> is the average intensity of multiple observations of symmetry

related reflections.

» Number in parenthesis refers to the highest resolution shell (2.44—
2.40) for A2-GP2 unless otherwise stated.

‘R = Zyl [Fond = & [Foul i [Fon, where Ry, is calculated for a
randomly chosen 5% of reflections and R, is calculated for the re-
maining 95% of reflections used for structure refinement.

9 Rs fit is the average real space fit of all atoms on an electron density
map from DM with 2-fold noncrystallographic averaging, histogram
matching, and solvent flattening.

¢ Error is the mean estimate of the coordinate error based on maxi-
mum likelihood methods (Refmac).

circular dichroism, have been shown to correlate with the free
energy of peptide binding to class I MHC (29). Therefore, the
thermal stabilities of recombinant A2 complexes folded in vitro
with seven HER-2/neu peptides identified as important
epitopes for breast cancer immunotherapy in the literature
(GP2, 81, L.10, E74, E75, F56, and C84; see Table I for se-
quences) were determined. As can be seen from Fig. 14, com-
plexes formed with GP2, F56, and C84 have extremely low
melting temperatures. Complexes formed with S1, L10, and
E75 (summarized in Table I) have higher melting tempera-
tures. E74 bound so poorly as to be undetectable in any of our
assays (data not shown). A cell surface binding assay (Fig. 1B)
using T2 cells with exogenously added peptide confirms the
results found by the circular dichroism experiments. Two pep-
tides, one hydrophobic and one hydrophilic, were chosen as
representative “high affinity” binders. ML is derived from the
signal sequence of calreticulin (30), and RT is derived from HIV-1
reverse transcriptase (31). The thermal stability (T,) and the
relative binding constant (X,) determined by the T2 assay corre-
late well (91.3% correlation coefficient). This suggests that K, is
proportional to Kj,, because, as stated above, the T,, has previ-
ously been shown to be proportional to the K, (29).

S ]
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Adding BFA to the cell surface stability assay allows us to
measure the amount of time a peptide-MHC complex stays on
the surface of cells. As can be seen in Fig. 1C, the GP2 peptide
has an extremely short half-life of ~21 min at 37 °C (Table I).
Some of the other HER-2/neu-derived peptides have longer
half-lives, but none are as long as peptides such as ML or RT
(Fig. 1C and Table I). We could not detect binding of the E74
peptide in any of our assays. The fact that CTL activity toward
E74 can be seen and we cannot measure binding is probably a-
function of the extreme sensitivity of CTL. Only ~100 class
I-peptide complexes/cell are required to trigger an activated T
cell (32).

Anchor Substitutions Do Not Significantly Improve Binding
of GP2—Substitutions at peptide anchor positions have been
shown to greatly increase the thermal stability of an influenza
matrix peptide (12). In the present work, we chose one of the
three poor binding peptides, GP2, to study the anchor substi-
tutions of HER-2/neu-derived peptides. The GP2 anchors (Ile at
position 2 and Leu at position 9 of the peptide) are found in
peptides that bind with high affinity to A2, but these anchors
are not optimal (8). Therefore, optimized APL based on GP2
were synthesized that replaced the Ile at position 2 with Leu
(I2L) or the Leu at position 9 with Val (1.9V). As can be seen in
Fig. 1D, these substitutions did increase the thermal stability
(~2—-6 °C) but not to the degree that was seen for similar
substitutions in the influenza matrix peptide (~7-9 °C) (12) or
for a variant of a melanoma peptide (MelA and MelA-A2L,
~9 °C). The cell surface stability assay using T2 cells supports
the CD data that we have measured (Fig. 1E). The half-lives of
the APL complexes on the cell surface are increased with re-
spect to GP2 (Fig. 1F). However, they are not close to the time
constants seen for the positive control, high affinity binders ML
or RT.

Crystallographic Structure of A2-GP2—To understand why
GP2 binds poorly to A2 and why the anchor substitutions do
not significantly increase the stability, we determined the crys-
tallographic structure of A2-GP2. The molecular replacement
solution was unambiguous with a correlation coefficient of
~73% after rigid body fitting. The model was refined in X-
PLOR (33). During refinement, the peptide was omitted to
reduce the potential for model bias. Density modification was
performed with DM (22) using the X-PLOR output coordinates
to generate unbiased averaged electron density maps of the
peptide and to fit the structure of A2. Unlike all of the pMHC
structures that we have determined to date, the entire length of
the main chain of the peptide was not visible in the density
modified electron density maps at this stage. After 10 cycles of
model building with O (27) and computational refinement with
X-PLOR and Refmac and finally with CNS, the refinement
converged to the statistics shown in Table II. In general, the
maps are clear and unambiguous. The entire A2 molecule is
well resolved and fits the density well as evidenced by an
average real space correlation coefficient of 83.8%. The posi-
tions of the termini of the GP2 peptide are also unambiguous
and never altered through the course of refinement. However,
unlike all reported pMHC structures, the center of the peptide
never became clear in the density (Fig. 2). In addition, standard
2F, — F_ maps, simulated annealing omit maps, unaveraged
omit maps, and composite omit maps failed to show density for
the center of the peptide. In particular, the orientation of res-
idue 6 (Val) is completely uninterpretable, and the positions of
residues 5 and 7 (Val and Gly, respectively) are not well
defined.

DISCUSSION

One hypothesis used to explain why tumors are not recog-
nized and eliminated by the immune system is that potentially
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Fic. 1. HER-2/neu-derived peptides bind poorly to A2, and anchor substitutions do not increase the stability of GP2-derived APL.
The symbols and colors shown in A are also those used in B and C. Likewise, the symbols and colors shown in D are also those used in E and F.
A, thermal stability of A2-peptide complexes as measured by CD. 4-12 uM protein was denatured by heat in a circular dichroism spectropola-
rimeter. The change in CD signal at 218 nm is an indication of the loss of secondary structure within the protein. Each curve is the average of three
independent experiments. The error in the T}, is the sum of the curve fit error and the Peltier temperature controller error and is ~1 °C. B, cell
surface measurements confirm relative affinities measured by circular dichroism. T2 cells were incubated with the indicated concentrations of
peptide and the amount of cell surface A2 measured by flow cytometry using an A2-specific monoclonal antibody BB7.2. C, cell surface half-lives
of A2-peptide complexes were determined by treating the peptide-pulsed cells (as in B) with BFA to halt vesicular transport. Aliquots of cells were
removed at the indicated times and the remaining A2 on the cells determined by incubating with BB7.2. D, CD experiments show that anchor
substitutions of GP2 do not greatly increase the stability. The best peptide is the double substitution I2L/L9V, but even it is deficient compared
with ML. E, T2 cell surface stabilization confirms the CD data. F, the cell surface half-lives are moderately increased compared with GP2.

immunologically reactive peptides do not bind well to class I have a sufficient concentration of the specific pMHC at the sur-
MHC molecules. If the peptides dissociate from class I MHC face of the cell to be recognized by circulating T cells. We exam-
molecules too quickly, the cells presenting the peptides do not  ined binding of a selection of known immunologically recognized
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Fic. 2. The center of the GP2 pep-
tide is disordered. The averaged omit
electron density map of the GP2 peptide
with a cover radius of 1.5 A. The map was
calculated using modified phases from
DM.

peptide ligands from the tyrosine kinase family member HER-2/
neu. Despite the presence of CTL that recognize these peptides
bound to A2, the tumors are not eliminated. These HER-2/neu
peptides displayed a spectrum of binding affinities, but all were
lower than the level observed for high affinity binders, such as
ML or RT. Of particular interest to the immunology of tumor
recognition was the clustering of many of these peptides in the
“low affinity” category. Remarkably, all of these peptides, (GP2,
C84, and F56) have good anchor residues for A2.

There are two primary reasons to examine this phenomena
in detail. The first is to understand how class I MHC binds
peptides. There is a great deal known about how class I MHC
binds many peptides with great sequence diversity, but there is
very little information about how the protein binds any partic-
ular peptide well or poorly. There are now many examples of
crystal structures of high affinity peptides bound to class I
MHC. GP2 is a perfect example of a poor binding peptide and as
such offers the first opportunity to understand poor binding.
The second reason to examine GP2 is that poor affinity pep-
tides are potentially better targets for immunotherapy. The
rationale for this has to do with T cell education. T cells are
selected for survival by two mechanisms (positive and negative
selection) in the thymus (35). If a self-peptide binds to class I
MHC with high affinity, there is a larger concentration of
pMHC in the thymus and thus a greater chance that T cells
would be able to recognize the complex well. Presumably, this
set of T cells would be deleted from the T cell receptor reper-
toire, and they would not be in the periphery. If the self-peptide
binds with poor affinity, the concentration of that peptide-MHC
molecule in the thymus may be too low for recognition during
the selection process. Therefore, there is a greater probability
of finding these T cells in the periphery.

A complex of A2 with GP2 bound has poor thermal stability
(T, 36.4 °C) and a very short cell surface half-life (~21 min).
Many laboratories including ours have improved the binding
affinity of peptides by changing the anchor residues to those
most preferred by A2 (13, 36). As an example, we show that a
small change in the anchor position of the melanoma peptide
MelA results in a peptide with much greater binding affinity.
However, trials with substitutions of GP2 at the anchor posi-
tions showed that the affinity was not significantly improved
(Table I). Our goal is to be able to design APL for cancer
immunotherapy. To be able to do this in a reasonable fashion,
we needed to determine the crystallographic structure of A2-
GP2 and determine why this peptide binds poorly.

The erystallographic structure shows uninterpretable elec-
tron density within the center of the peptide. Our interpreta-

The Center of GP2 Is Flexible when Bound to HLA-A2

tion of these data is that the peptide does not assume one
unique conformation in the center as has been seen for all other
single peptide-MHC structures to date (reviewed in Ref. 4).
Interestingly, this is analogous to the situation found in the
crystal structure of a class I MHC complex that contained a
mixture of many different peptides (37). These data suggest
that anchor substitutions do not significantly increase the af-
finity of GP2 because they do not address the fundamental
problem that the peptide has in binding. The center does not
make stabilizing contacts with the binding cleft of the class I
MHC molecule.

This result begs another important immunological question.
Does the flexibility in the center of the peptide increase or
decrease immunogenicity? On the one hand, the flexibility de-
creases the already small concentration of a specific molecular
surface that can interact with the T cell receptor on a circulat-
ing T cell. On the other hand, multiple peptide conformations
generate more molecular surfaces that can be potentially rec-
ognized by circulating T cells. Perhaps in the context of a
peptide that binds well, increased flexibility is more immuno-
genic, but in the context of a poor binding peptide increased
flexibility does not increase immunogenicity because of the
reduced concentration effect.

There is increasing interest in using peptides that bind to
class I MHC for immunotherapy. As is the case of vaccination
used to prevent viral infection, the potential therapeutic value
is significant. As more antigens are discovered that are recog-
nized by CTL and yet bind poorly to class I MHC molecules, the
rules that predict binding affinity will be more critical. The
phenomena observed here for GP2 certainly applies to other
poor binding peptides whose binding affinity is not increased by
altering the anchor residues. Increased affinity can be obtained
for many of these peptides, but a full understanding of how
peptides bind to class I MHC is still needed. By examining the
binding of GP2 at the atomic level, we have made another step
toward understanding peptide binding well enough to make
predictions that will increase peptide affinity and minimize
immunological consequences.
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